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The Electric and Hybrid Vehicle Research, Development, and Demonstration 
Act of 1976 (Public Law 94-413) required that data be developed charac- 
terizing the state of the art of electric and hybrid vehicles. The 
Energy Research and Development Administration, now the Department of 
Energy (DOE), which was given the responsibility for implementing the 
Act, established the Electric and Hybrid Vehicle Research, Development, 
and Demonstration Project within the Division of Transportation Energy 
Conservation to manage the activities required by Public Law 94-413. 

Specifically, the Act states that "Within 12 wn:hs after the date of 
enactment of this Act, the Administrator shall develop data character- 
izing the present state of the art with respect to electric and hybrid 
vehicles. The data so developed shall serve as baseline data to be 
utilized in order (1) to compare improvements in electric and hybrid 
vehicle technologies; (2) to assist in establishing the performance 
standards under subsection (b) (1); and (3) to otherwise assist in 
carrying out the purposes of this section." This report is intended, 
however, to give detailed information regarding the state-of-the-art 
assessment of electric vehicles in addition to the sunrmary type informa- 
tion presented in HCP/Ml011 already in print. 

The National Aeronautics and Space Administration under an Interagency 
Agreement (Number EC-77-A-31-1011) was requested by ERDA (DOE) to 
devels3p data in support rf the state-of-the-art characterization. The 
NASA/J~~ Propulsion Laboratory was assigned the responsibility for the 
testing and reporting on the three vehicles is:luded in this volume. 

Since the pur?ose of the state-of-the-art survey was to characterize 
present e1ec:ric vehicles and not to represent any particular vehicle 
technology, vehicles selected for test and evaluation were picked to 
provide a representation of the current state of the arc. However, the 
number of vehicles selected was limited by the funding availabla and 
the time available to complete this phase of the work. Therefore, 
selection was based on: (1) ready availability of a vehicle; and (2) 
its technical representation and the apparent maturity of its construc- 
tion. This report gives detailed information on three of the specific 
vehlcles tested. A previous report, "Twelve State-of-the-Art Individual 
Electric and Hybrid Vehicle Test Reports," (Volume I, July 1978 - 
HCP/M1011-03/1), is also a.~ailable. 

This project was conducted under the overall direction of Dr. Robert S. 
Kirk and Mr. Walter J. Dippold of DOE. The NASAIJPL Project Manager was 
Mr. Thomas A. Barber. The reports represented were prepared by the Jet 
Propulsion Laboratory's Electric and Hybrid Vehicle Project Office whose 
members, through their technical skill, enthusiasm, and dedication, made 
it possible to complete this project. 
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SECTION 1 

INTRODUCTION 

This repor t  is  being wr i t ten  as pa r t  o f  ERDA's program i n  

assessing the  s t a t e  of t h e  a r t  of e l e c t r i c  vehicles .  The vehicle  t e s t e d  

was a small van made by F ia t .  The F i a t  van was shipped by air  from 

Italy t o  Cleveland, Ohio, and t h e  t e s t s  were conducted a t  t h e  Transpor- 

t a t i o n  Research Center, TRC, i n  East Liberty,  Ohio. 



SECTIOI 2 

S W Y  OF RESULTS 

The results of  t h e  tests are sun,l~piriwd. i n  two tab les .  The 

energy t o  t h e  various components as well  as t h e  dis tance t rave led  is 

given i n  Table 2.1. The second t a b l e ,  Table 2.2, lists t h e  e f f i c i ency  

of t h e  components. The e f f i c i ency  ca lcu la t ions  and t h e  vehic le  energy 

econoq  a r e  based on t h e  amount of  energy used f o r  a 150 amp-hr charge. 

The reason f o r  using t h i s  f i gu re  ins tead  of  t h e  t r u e  recharging energy 

is  discussed i n  Sect ion 6. 

The ve loc i ty  vs. corrected t i m e  curve f o r  coast  down is  

p lo t t ed  i n  Figure 2.1 with t h e  coe f f i c i en t  of r o l l i n g  f r i c t i o n ,  viscous 

f r i c t i o n ,  and wind drag shown on the  f igure.  The power and energy con- 

sumption is p lo t ted  aga ins t  ve loc i ty  i n  Figures 2.2 and 2.3, respect ively.  

The acce lera t ion  curves a r e  shown i n  Figure 2.4 f o r  var ious l eve l s  of 

ba t t e ry  charge, and the  gradeabi l i ty  vs.  ve loc i ty  f i gu re  is  p lo t ted  i n  

Figure 2.5. 
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SLOPE-CC??REfiTED DQTQ 
FIQT ELECTRIC VEHICLE 

JPL : HC : 7 / i  7 

Figure 2. 1. Coast Down Curve 



SLOPE-CORRECTED C R i R  
F I RT ELECTRIC VEi l l CLE 

JFL:HC:7/77 

Figure 2 . 2  Road Power Consumption 

2-5  



SLOPE-CORRECTED DQTQ 
FIQT ELECTRIC VEHICLE 

JPL : CIC : 7/77 

Figure 2 . 3  Road Energy Consumption 

2- 6 
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The s i d e  ond r e a r  view of the F i a t  van, which had a t o t a l  

weight of 1986 Kg (4370 lbm), is shown i n  Figure 3.1 and Figure 3.2 

respect ively.  The van is powered by 12  series-connected, 12 v o l t  bat- 

t e r i e s  manufactured by Magnetti-Marelli (6TS 17T). The b a t t e r i e s  a r e  

located beneath the  van, Figure 3.3, i n  a container  which can be r a i s ed  

and lowered hydraul ical ly .  The hydraulic l i f t ,  Figure 3.4, makes ser -  

v ic ing  and replacing t h e  b a t t e r i e s  very easy. The b a t t e r i e s  a r e  r a t ed  

a t  135 amp-hr f o r  a 5 h r  discharge time (27 amps f o r  5 h r ) ,  and the  t o t a l  

ba t t e ry  weight is 461 Kg (1014 lbm). The b a t t e r i e s  were about t h ree  

months o ld  when t h e  veh ic l e  was tes ted  and had not been deep cycled. 

The vehic le  is  propelled by a D.C. separa te ly  exci ted com- 

pound e l e c t r i c  motor manufactured by F i a t .  The r a t ed  continuous power 

of t he  motor is 14 Kw (19 hp),  and the  motor can d e l i v e r  29 Kw (39 hp) 

f o r  t h ree  minutes. The r a t ed  speed is 2600 rpm, and its maximum speed 

is 6700 rpm. The motor weighs 55 Kg (121 lbm). 

The power t o  t h e  s e r i e s  connected armature and f i e l d  is  con- 

t r o l l e d  by an SCR chopper while t h e  shunt f i e l d  power is  cont ro l led  with 

a t r a n s i s t o r  chopper. The SCR chopper has a cur ren t  r a t i n g  of 320 amps, 

and t h e  t r a n s i s t o r  chopper has a cur ren t  r a t i n g  of 10  A schematic 

of t h e  F i a t ' s  power system i s  shown i n  Figure 3.5. The weight of t h e  

con t ro l l e r  i s  79 Kg (173.8 lbm) which includes a 30 Kg (66 lbm) 

inductor.  

The off-board b a t t e r y  charger ~ p e r a t e d  from a 240 V ,  

3-phase o u t l e t .  The charger suppl ied was not t h e  charger usual ly used 

by F i a t .  The charger normally used was delayed i n  t h e  U.S. Customs 













Office long enough t o  prevent it from being t e s t e d .  The charger 

supplied by F i a t  had t o  be hand operated during t h e  charging cyc le ,  and 

it appeared t o  have an e f f ic iency  of about 89%. 

Additional information on t h e  van is l i s t e d  below: 

( 1 )  B o d y  

( a )  m e  andManufacturer F i a t  850T Van 

(b) Modifications Expanded cargo 

( c )  Space f o r  Cargo 

( d )  Modifications 

( e )  Fronta l  Area 

( 2 )  Axles 

( a )  Type andManufacturer 

( r e a r )  

( b )  Drivel ine Ratio 

(3 )  T i r e s  

Type and Manufacturer 

S ize  

Pressure 

Rolling Distance per  

re-folution 

Weight 

a r ea  by removal of 

p a r t  of I . C .  

engine h o u s i n ~  

Heavy Rear Springs 

2.14 m2 (23  ft2) 

S l i p  J o i n t ,  Half 

Axle Swiag Shafts  

Direct Drive 

l l . 3 5 / 1  

Firestonc Brema 

Delwe F7 

5.60-12 

42 p s i  Front,  

45 p s i  Rear 

1.70 m (5.58 ft) 

1l.1 Kg (24.5 lbm) 



SECTION 4 

TNSTRUMENTATION 

INTRODUCTION 

A s p e c i f i c a l l y  designed da t a  acqu i s i t i on  system (DAS) was 

developed at JPL t o  a i d  i n  t h e  t e s t i n g  of e l e c t r i c  and hybrid vehic les .  

The DAS, a s  configured, had e ight  inputs:  

1) Speed 

2 )  Bat tery v o l t s  

3 )  Bat tery current  

4 )  Motor v o l t s  

5 )  Motor cur ren t  

6 )  F ie id  v o l t s  

7 )  F ie ld  current  

8 ) Motor temperature ii ', 

The system was e l e c t r i c a l l y  f loa t ing .  The cur ren ts  were 

i so l a t ed  by using ha l l -e f fec t  cur ren t  sensors;  t h e  vol tages were iso- 

l a t e d  by using iso-opamps (Figure 3.5). 

4.2 VEHICLE SPEED AND DISTANCE 

A Nucleus Corporation Model N C 5  f i f t h  wheal generated a 

vol tage s igna l  proport ional  t o  speed. This s igna l  was f i l t e r e d  and 

fed  t o  t h e  DAS, where it was d i g i t i z e d  and recorded. ?'he f i f t h  wheel 

was equipped with a d i g i t a l  readout head, which proved t o  be a somce  

of e r ror .  The d i g i t a l  readout d r i f t e d  considerdbly and f luc tua t ed  so 

much t h a t  t h e  d r ive r  was anable t o  maintain a t r u e  constant  speed. 

Later and during t h e  B cycle  t e s t s ,  t h e  f i f t h  wheel output was f ed  t o  a 

HIP Model l7OOB char t  recorder.  This analog speed ind ica to r  proved t o  

be much b e t t e r  than t h e  d i g i t a l  readout.  - 



Speed a s  a l s o  per iodica l ly  checked, using a KurZom 

Electronics  Radarspeed gun, Model Hd8. The gun, however, -'cs s e n s i t i v e  

t o  aiming angle and rounded t o  a lower in teger  value. 

Average speed was ca lcu la ted  from t h e  time required f o r  the 

t e s t  and d is tance  t raveled.  

Distance t rave led  was shown by two h d i c a t o r s :  t h e  f i f t h  

wheel d i s tance  t o t a l i z e r ,  and markers loca ted  one-tenth-mile apa r t  OL 

tile t rack .  

Cal ibrat ion of t h e  f i f t h  wheel was checked by timing t h e  

durat ion of steady speed runs over a measured dis tance.  The f . ; t h  wheel 

ovtput was recorded on t h e  DAS and a char t  recorder ,  and measure, w i t h  

a DVM. 

4.3 SENSORS 

4.3.1 Current Sensors 

Manufacturer - American Aerospace Controls 

Model Number - 924A-300 

Scale  Factor - 5V = 300 AMPS 

Rated Accuracy - 5 5  of F u l l  Scale  ( 6  m p s )  

Temperature Coeff icient  - - +0.08% of F u l l  Scale/'C (+0.48 - 

amp/OC) 

Response - 100 psec 

The g rea t e s t  s ing le  source of e r r o r  i n  t e s t i n g  can be 

t raced  t o  t he  current  sensors.  E n ~ i r o n m e n ~ a l  temperature e f f e c t s  caused 

o f f s e t  e r r o r s  t o  be introduced. These e r ro r s  were e spec i a l ly  not iceable  

at very low cur ren t  l e v e l s ,  such a s  at t h e  end-of-battery charg?ng. 



4.3.2 V3ltage Sensors/~so-opaurp 

Manufacturer - Burr Brown 

Model Number - 3452 

'?ale Factor ( s e t )  - 5V = 200V 

I so l a t ion  - 22000 VPK 

Response (-3db) - 2.5 KHz 

Nonlinearity  ax) - +0.025% o f  output (1.25 m v o l t s )  

Temperature Coeff icient  - +50ppm/OC 

The isn-opamps were usefu l  i n  reducing groundloops, and 

espec ia l ly  i n  aliowing t h e  s h u t  f i e l d  vol tage  neasurements t o  be made. 

4 . 3 . 3  Motor Temperature Sensor 

The vol tage s igna l  at t h e  node between a 2K 1% r e s i s t o r  and 

a 2K thermistor  supplied by a prec is icn  5-volt source i s  inverse lx  pro- 

por t iona l  t o  temperature. This s igna l  k-as d ig i t i zed  and recorded. 

The r e l a t ionsh ip  between vol tage and temperature is 

where 

V = v o l t s  

and T = degrees centr igrade.  

4.4 TIME AND WEATHL.3 

4.4.1 Time 

The DAS used a 1 megahertz c r y s t a l  as  the  timing element f o r  

all  recording. 

A stopwatch was used f o r  l ap  time. A wristwatch was used 

fo r  b a t t e r y  ciiarging time. 



Weather 

Weather Informat ion 

Wind Velocity 

Wind Direct ion 

Barometric Pressure 

Humidity 

This information was supplied by t h e  Transportation Research 

Center of Ohio. This da t a  was recorded a t  one-half-hour i n t e r v a l s  during 

t e s t s .  

4 - 5  ENERGY MEASURENIBTS 

4.5.1 Energy In to  Bat tery Charger 

The energy t o  t h e  charger was measured by mems of  a standaru 

power-company-type watt-hour meter, West inghouse Model No. 246~700637. 

The smallest  d iv i s ion  on t h i s  meter w a s  10  KWH, s o  readings were approxi- 

mate9 t o  - + 1 KWH. This w a s  a source of  considerable e r r o r ,  s ince  t h e  

t o t a l  energy drawn from t h e  w a l l  was i n  t h e  range of 25 t o  35 KWH/ 

charge cycle.  

4.5.2 Energy Out of Bat tery Charger 

The charger o ~ t p u t  w a s  measured i n  severa l  ways. 

1 )  Per iodica l ly  - output vol tage and cur ren t  (across  a 

ca l ib ra t ed  shunt)  using a H/P Model 960 DVM. 

2 )  Continuously - using a H/P Model No. 71003 cha r t  

recorder  with Model 17501A ampl i f ie rs .  The cha r t  

recorder  tended t o  d r i f t ,  so it was pe r iod ica l ly  

r eca l ib ra t ed ,  using t h e  DVM. Offse ts  were noted and 

recorded. The r e s u l t a n t  char t  was in tegra ted  t o  

show watt-hours. 



31 Cantinuously - watt-hours, using the DAS. This 

measurement was not t o o  accura te  over long time periods 

and temperature ranges due t o  t h e  s e n s i t i v i t y  o f  t h e  

K a l l  e f f e c t  cur ren t  sensor. 

4.5.3 Energy Out o f  and I n t o  Bat tery 

Bat tery vol tage and cur ren t  were continuously monitored. 

This da t a  was fed t o  t h e  DAS which computed t h e  elapsed watt-hours. 

The weak l i n k  i n  t h i s  measurement, again, was t h e  cur ren t  

sensor. However, t h e  r e s u l t s  were cons is ten t  and the  pe rcen t i l e  e r r o r  

was lower than ba t t e ry  charge d a t a  because t h e  cur ren t  w a s  higher,  and 

temperatures were not as extreme. 

4.5.4 Energy In to  and Out O f  t h e  Motor, Excluding Shunt F ie ld  

Energy 

Monitoring of motor energy was performed with t h e  DAS, i n  a 

manner s imi la r  t o  t h a t  used i n  para 4.5.3. Again, t h e  cur ren t  l e v e l s  

were high and t h e  pe rcen t i l e  e r r o r  was low. 

4.5.5 Erergy I n t o  Shunt F ie ld  

The DAS d i g i t i z e d  and recorded t h e  vol tage and cur ren t .  The 

curren t  i e v e l s  were low so  t h e  pe rcen t i l e  e r r o r  was high. 

The energy was computed from t h i s  da t a  by means of a d i g i t a l  

computer . 
4.6 ENERGY COUNTERS 

The iso-opamps and t h e  cur ren t  sensors  supply vol tage s igna l s  

t h a t  a r e  proportional t o  vol tage and current .  These s igna l s  a r e  fed  t o  

s ca l ing  opamps and then t o  a four-quadrant mu l t ip l i e r .  



The mul t ip l i e r  output is  proport ional  t o  instantaneous 

watts; t h e  p o l a r i t y  is co r rec t ,  i.e., pos i t i ve  f o r  positive-voltage 

pos i t i ve  cur ren t ,  and negative f o r  positive-voltage negative currer,';. 

The mul t ip l i e r  output s igna l  is  fed t o  two ;oltage-to- 

frequency converters:  one responds t o  pos i t i ve  s i@-als ,  t h e  o ther  t o  

negative s igna ls .  

The voltage-to-frequency c o n v ~ r t e r s  i c t eg ra t e s  t h e  m u l t i p l i e r  

output t o  give pulses proport ional  t o  watt-hours. 

The pulses  d r ive  nechsnical t o t a l i z e r s  and a d ig i ta l - to-  

analog converter which outputs  a vol tage proport ional  t o  t h e  sum of t h e  

input number of w i s e s .  When t h e  number of p i l s e s  reaches 255, t h e  output 

i s  5 vo l t s .  The next pulse r e s e t s  t h e  corver te r  t o  0 v o l t s  output ,  where 

it s teps  upward a t  t he  r a t e  of 0.01053 v z l t s  per  pulse till it again 

r e se t s .  The converter output is then fed  t o  t.he DAS, where it is  

d i g i t i z e d  and recorded. 

The mechanical counters a r e  w e d  as f i e l d  i nd ica to r s  of 

energy flow, so the re  a r e  four  records of energy f o r  each vol tage and 

cur ren t  sensor pa i r :  

1) Pos i t i ve  energy flow counter 

2 )  Pos i t ive  energy flow recorder  

3)  Negative energy f 'hw c w n t e r  

4 )  Negative enerQ- flow recorder  

The c a l i b r a t i o n  graph shown in  Figure 4.1  was generated 

at J P L  under i dea l  condi t ions.  The vol tages were sensed with the  iso-  

opamp, but  t h e  cur ren t  senscr output was s inula ted .  



F i e  1 Analog Power Computer E s c l u d i n g  C u r r e n t  S e n s o r  

DAS RECORDER 

The r e c o r d e r  ( F i g r e  4.2) c o n s i s t s  o f  7 b l o c k s .  

1 ) 16-channel  i n p u t  mul t  i p l e s e r  

2 )  Sequencer  

3 )  Sample and ho ld  

4 )  1 2 - b i t  a n a l o g  t o  d i g i t a l  c o n v e r t e r  

5 )  F o r m a t i e r  and t a p e  c o n t r o l  

6 )  Tape t r a n s p o r t  e l e c t r o n i c s  

7 )  Tape t r a n s p o r t  

The m u l t i p l e x e r  h a s  1b c h a n n e l s  o f  0  t o  5 v o l t  r ange ,  common 

ground and 1 0 0  megohm i n p u t  impedance. The sequence r  was n MOS 





Technology 6502, microprocessor based cont ro l  board which supplied all  

t h e  t iming and cont ro l  funct ions t o  t h e  DAS. 

T?le smple-and-hold c i r c u i t  has a window time of 150 psec. 

The 12-bit  analog-to-digital  converter is a successive approximation type. 

The t spes  used had a continuous four-hour recording capabi l i ty .  

During t h i s  time, 62,000 da t a  poin ts  o f  12-bit  da t a  words p lus  channel 

number were recorded. Tapes a r e  ava i l ab l e  with a 120,000 da t a  point  

storage. 

The DAS recorder spec i f i ca t ions  a r e  

System Accuracy - - +0.025% o f  f u l l  s c a l e  +1/2 LSB 

 east S ign i f i can t    it) 

System L inea r i t y  - 2 1 / 2  LSB 

A/D Resolution - 1 2  b i t s  

System Aperature Time - 50 nanosec 

Operating Temperature Range - - lO°C t o  +~o"c 

Relat ive Humidity - 10% t o  951, without condensation 

Shock and Vibration - l g  @ 0-50 cps,  a l l  Z a x i s  

The wztt-hour counters c a l i b r a t i o n  was checked i n  s i t u  

during b a t t e r y  chargtng (Table 4 .1 ) .  The output vol tage and cur ren t  of 

t h e  Bat tery Chargers were accura te ly  measured by means of a W M ,  a pre- 

c i s ion  cur ren t  shunt,  and a stop-watch. Watt-hours out of t h e  charger 

were ca lcu la ted  and compared with t h e  watt-hour counters.  



I 
Date (emps) 

5/17 21.5 

5/19 23.8 

5/25 24.5 

617 25.1 

Table 4.1. Data System Accuracy Check 

v 
(Volts) 

T 
(seconds ) 

Watt -Hours 
Calculated 

/ Wat t-Haur 
Counters 



SECTION 5 

TEST RESULTS 

The t e s t s  conducted on t h e  F ia t  van were done i n  accordance 

with ERDAts document e n t i t l e d  "Elec+ric and Hybrid Vehicle Test and 

Evaluation Procedure" ( ERDA-EHV-TEP ) . If t h e  t e s t  ccnduct ed d i f fered  

i n  any manner from t h e  t e s t  described i n  t h e  document, then t h e  dif-  

ference i s  noted and an explanation given. An overview of the  data 

flow path i s  given i n  Appendix D by H. Callisen. 

5.1 RANGE AT STEADY SPEED TESTS 

The range a t  constant speed t e s t s  were conducted a t  40 Kph 

(25 uph) and 56 Kph (35 mph), which was the  top speed of the  vehicle. 

The range f o r  each speed i s  recorded i n  Table 2.1 x i t h  the  end of range 

being determined when the  vehicle cannot maintain 95% of t h e  specif ied 

speed. 

I n  Figure 5 .1 .1 the  range i s  p lo t ted  against t h e  vehicle 

spee?. Since only two range t e s t s  were perfomect, t h e  shape of  t h e  

curve is  d i f f i c u l t  t o  ascertain.  The curve was drawn a s  a s t r a igh t  l i n e  

f o r  lack of fu r the r  information. A range t e s t  a t  24 Kph (15 mph) was 

attempted but was terminated because of control problems. The brake 

relay of Figure 3.5 i s  ac t iva ted  a t  about 25 Kph (15.5 mph) which 

caused the  vehicle t o  behave e r r a t i c a l l y .  

The bat tery  and motor information a t  t h e  f i r s t  half-mile 

and a t  a point one-half mile from the end of range is given in  

Table 5.1.1. 



50 

SPEED (Kph) 

Figure 5.1.1.  Range at Constant Speed 
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5.2 COAST DOWN TEST 

The coalrt down t e s t  was conduatsd on that portion of the  

t e s t  t rack shown i n  Figure 5.2.1. The track has a grade which varies 

from +,500$ t o  -.440$ over i ts  length. The Fia t  vsa was towed t o  a 

velocity of approximately 64 Kph 140 mph: and then released. The 

eas ies t  way of disconnecting the  motor from the  wheels was by discon-' 

necting the  half aa-':ss (Figure 5.2.2), and t h i s  necessitated towing the 

vehicle f o r  the t e s t .  

The raw velocity data is  shown i n  Figure 5.2.3, The dif-  

ference i n  the  amount of time it takes f o r  the  vehicle t o  come t o  a stop 

is  a t t r ibutable  t o  the  slope of the  track. The longer time i s  associated 

with the  vehicle going downhill while the  shorter  t i n e  occurs when the  

vehicle i s  going uphil l .  Since most of the  runs ocaurred over the  por- 

t ion  of the  t rack with a +.500$ grade, the  velocity vs time curve was 

corrected by calculating the  time difference, A t i ,  i r ;  Would have taken 

/' 
...--- 

the  vehicle's velocity t o  change from vi - t o  vi i f  t h ~  r e  was no slope. 

where 

Aci = A r i  2 g s i n  + f o r  uphill. - f o r  downhill 

with 

hi 3 raw a c c e l e r a t i ~ n  

Aci = slope-corrected acceleration 

0 = tano1 (.5$ grade/l0C) = .203O 

g * acceleration due $0 gravity 







RQW TEST D4TQ 
F I Q T  ELECTRIC VEHICLE 

JPL:HC:i'/77 

Runs 1, 2, 3,  4, 5, 7 

29.13 40.0 t: <J , I> 8G.Q 103.0 ; > < 3 . ~  
T I M E  (SEC 1 

i'igure 5 . 2 . 3 .  Velocity vs. Time (uncorr-cted) 
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The raw accekrai$cn is. gculated from the velocity data by taki& the' 
-. 

difference of tw eurcessiie vel&it.$es and ~-iBvidiag thir dilference bi 
. - 

the change in time. - . . - 

At = 3.2 sec. sample time of data acquisition system 

5x5 coast down runs Mere normalized to begin at a velocity 

- of 56 Kph (35 mph). !i%e velocity v is the first velocity less than 
1 

56 Kph which occws after tile van is released from the tow vehicle: The 

tine ssscciated with the first velocity. v which is the time it takes 
1' . 

to ccsst down from 56 Kph to v is 
1 ' 

where 

and 

v = velocify point preceding v 
0 1 

> 56 ~ p h ,  vl 5 56 ~ph) 

The slope-corrected velocity vs time curve is shown in Figure 5.2.4. The :1 

\ 3 
i .I: 

correction brings the various curves shown in Figure 5.2.3 together. 1 

i ;- 

The cost down test consisted of eight runs made in opposite 1 : 
t .I diracticns along the track with the odd numbered runs being made in the ': 
; i 

i * 

: 



SLOPE-CORRECTED mra 
F I QT ELECTR i C VEil I C i E  

JPL : HC : '7tr7'i 

Figure 5.2 .4 .  Velocity vs. Time (corrected) 



SLOPE-CORRECTED DRTR 
F I R 1  ELECTRIC VEHICLE 

JPL:HC:7/77 

a* Runs 1, 2, 3, 4, 5, 7 a n d 6  

"Yn, 
#%:L % 6TH RUN * 

3 C+A 

Figure 5.2 .5 .  Velocity vs. Time (corrected) 
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SE direction. The sixth mid eighth runs began with the vehicle going 

uphill on the +.500% grade and ended with the vehicle going downhill on 

the -.h40% grade (~igure 5.2.1), and so these runs were not used. In 

Figure 5.2.5 the slope-corrected data is plotted for the good runs and 

also for the sixth run. The velocity vs time curve for the sixth run 

closely follows the other curves until it reaches the top of the hill 

and begins to coast down the other side. 

The purpose of the test'is to determine the power and energy 

consumed by the vehicle as a function of its velocity. The forces acting 

on the vehicle determine the amount of power and energy consumed. A 

free body diagram of the vehicle is shown in Figure 5.2.6. 

Figure 5.2.6. Force: Diagram 



The force equation 2s 

2 
+ J ~ / ' ; ~ ) V  + By + 112 p CD Av 2 ' + II Mg cos 0 + Mg s i n  0 = 0 

Iner t i a  Viscous - Wind Rolling Gravity 
Force Frict ion Drag Frict ion Force (5.2.1) 

where 

M = mass of vehicle (1986 Kg o r  4373 l b m )  

B = viscous coefficient  

p = density of a i r  

CD = drag coefficient  

2 2 
A = frontal  area of van (2.14 m or  23 f't ) 

p = ro l l ing  coefficient 

Jw = moment of i ne r t i a  of the  wheels 

*w 
= radius of wheels 

now 

~ ~ / r :  0.003 M and can be neglected. 

The external forces acting on t he  vehicle can Be found from the 

acceleration data 

where 



t 
The acceleration, Ari, is the average acceleration over an interval and 

must be associated with the average velocity over that seme interval, 

v 
mi' 

The power required by a vehicle to travel at a given 

velocity is obtained by multiplying eqp. (5.2.2) by the mean velocity, 

v mi' 

where 

Pci = -M Ac. v = -M (Ar. + g sin 8) v slope-corrected power 
1 mi 1 - mi 

and 

The graph of the slope-corrected road power vs velocitjj .:i.e. PC. vs 
1 

v ) is shorn in Figure 5.2.7. The curve drawn on the gra.ph is a least 
m i  

squares fit of the data to the el ation 

and the coefficients were found to he 

A = .07507 Kw/ (Kph 

B = .a705 x loo3 Kw/(~ph)* 

C = .go42 x Kv/(~ph)~ 

with 

S.D, r standard devhtton 9 ,6634 



A = .Om7 Kw/(Kph) 
B = .'- x lo'? K~/(K& 
c = .- r lo4 K W / ( K ~ ~ ) ~  
S.D. = .6690 

SLOPE-CORRECTED CQTQ 
F I Q T  ELECTRIC VEHICLE 

JPL:HC:7/77 

0 28 .0  39.0 40.0 5 0 . 0  
VELOCI T Y  ( KM/H 1 

Figure 5.2 .7 .  Road Power (corrected) 
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RQW TEST DQTQ 
F IQT  ELECTRIC VEHICLE 

JPL:HC:7/77 

Figure 5 . 2 . 8 .  Road Power (uncorrected) vs. Velocity 



The ro l l ing  and drag coeff ic ients  can be calculated from the  above 

constants. 

p = A/Mg cos 0 a .014 

The accuracy of t h e  r o l l i n g  and drag c o e f f i c i e n t s  a r e  n o t  known. The 

c o n s t a n t s  could be ass igned a conf idence l e v e l  wi th  f u r t h e r  computer 

programming. A p l o t  of t h e  uncorrected road power vp v e l o c i t y  ( i . e . ,  

Pai vs v .) d a t a  is  given i n  Figure  5.2.8. The uncorrected road power m i  

can be w r i t t e n ,  from eqn. (5.2.2),  i n  terms of t h e  c o r r e c t e d  road power 

a s  

where 

Pai = Pci + (Ma s i n  0 )  vmi 

Pai = -M A r .  vmi 
1 

The second term on t h e  r i g h t  hand s ide  of eqn. 8.2.5) causes t h e  

increase i n  s c a t t e r  of the  data fo r  the  uncorrected road power p lot .  

The amaunt of energy consuuned by tEie veh2cle per  unit: distance 

i s  equcrl to the  external  forces act ing on the vehicle, see eqn. (5.2.21, 

Eai - c~Mg s i n  0 )  = A +  Pvmi 
2 

+ vmi 

or  

where 



SLOPE-CORRECTED DRTR 
F I G T  ELECTRIC VEHICLE 

JPL:HC:7/77 

A = . ~ * X I O "  (Kw-H~)/K~ 
= ,61632 x loJ (Kw-Hr/Km)/~ph 

c = . la16 x lo4 (~w-Hr /~m) / (Kph)~  
S.D. = .0175 

Figure 5 . 2 . 9 .  Road Energy (corrected) 
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RRW TEST DRTQ 
F I n T  ELECTRIC VEHICLE 

JPL:HC:7/77 

D 2.0. 2 40.8 58.0 E 3 . Q  
V E L O C  I T Y  ( KM/H 1 

Figure 5 . 2 .  10. Road Energy (uncorrected) ve. Velocity 
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Eai -M ATi uncorrected road energy 

and 

Eci = -M (Ari + g sin 0 )  corrected road energy 

I n  Figure 5.2.9 t h e  corrected road energy i s  p lo t t ed  aga ins t  t h e  

ve loc i ty .  The curve shown on t h e  f igu re  i s  a l e a s t  squares f i t  o f  t h e  

da t a  t o  t h e  equat ' 3n 

E c = A + B v + C v  
2 

and t h e  coe f f i c i en t s  were found t o  be 

4 = .0789i ( KW-Hr ) /Km 

B = ,61632 x ( ~ w - ~ r / ~ m ) / i ( p h  

C! = .12616 x (Kw-Hr/~m)/(~ph) 2 

S.D. = .0175 

These constants  do not agree with those obtained from t h e  power da t a ,  

eqn. (5 .2 .4) .  However, the  two s e t s  do ind ica te  a range of values f o r  

the constants .  The r o l l i n g  and drag c o e f f i c i e n t s  calculated from the  

above constants  a r e  

v, = A/Lg cos 6 = .015 

C, = c / (1 /2  p A )  = .116 

A graph of t h e  uncorrected road energy vs ve loc i ty  i s  shown i n  Figure 

5.2.10. The uncorrected road energy da ta ,  l i k e  t h e  road power da ta ,  i s  

more sca t t e r ed  then t h e  corrected data .  



The force  equation, eqn, c5.2,1), oan be in tegra ted  t o  f ind 

ve loc i ty  as a f'unction of time. If t h e  force  equation i s  divided by t h e  

mass of the vehicle ,  M, ther. eqn. (5.2.1) can be wr i t t en  as 

with 

The constants  shown a r e  the ones found from t h e  l e a s t  squares fit of 

t h e  road energy da ta .  The road energy constants  have been divided by 

t h e  mass and converted t o  t h e  appropriate  dimensions. The so lu t ion  o f  

t h e  d i f f e r e n t i a l  equation i s  

Eqn. (5.2.8) i s  p lo t t ed  i n  Figure 5.2.11, with  he dant;s, po in ts  being 

those  of t h e  ve loc i tv  vs corrected time (Figure 5.2.4). The agreement 

between t h e  ve loc i ty  e q u a t i m  and t h e  data poin ts  i s  very gcod. 

I n  Table 5 . 2 , l t h e  d i r ec t ion  of run, grage, wind d i r ec t ion ,  

ant wind magnitude i s  tabuia ted  f o r  each run, Th6 coast down da ta  used 

f c r  t h e  figjrres i n  t h i s  sec t ion  i s  given i n  Appendix A.  



Figure 5. 't. 11, Formal Solution for v(t) 



Table 5.2.1. Wind and Grade Infomatian 

Run No, 
Direction 
of Run 

S.E. 

N.W. 

S.E. 

N.W. 

S.E. 

N.W. 

S. E. 

Grade 

downhill ,5005 

uphill .500% 

downhill .500% 

uphill .~oo$ 

downhill .500% 

uphill .500% 
downhill .440$ 

Direction 
of Wind Velocity of Wind 

8.9 Kph (5.5 mph) with 
gusts to 17.7 K P ~  
(11 mph) 

6.4 ~ p h  (4 ~ph )  with 
gu3ts to 22.5 Kph 
(14 mph) 

6.4 Kph .'4 mph) with 
gusts to 21 Kph 
(13 mph) 

4.8 Kph (3 mph) with 
eusts to 17.7 Kph 
(11 mph) 

4.8 Kph !3 mph) with 
gusts to 23 Kph 
(14.5 mph) 

16 Kph (10 mph) with 
gusts to 19 Kph 
(12 mph) 



5.3 ACCELZUTION W T  

The accelerat ion test was conducted over t h e  s a w  portion 

of t rack as the  coast down test ( ~ i g .  5.2.1). The accelerat ion runs were 

done a t  ba t tery  charge l eve l s  of 1 0 0 % ~  80%~ 405, and 20%. The runs 

should have bee3 made f o r  bat tery  discharee l eve l s  of 0%. 405, and 80%. 

The reason f o r  not conducting any runs at the  60% ba t t e ry  charge l e v e l  

is due t o  a misreading of  the  test specification. The information 

obtained from the  t e s t s  conducted at t h e  40% an< 80% bat tery  charge ?.evels 

w i l l  help compensate for  not conducting t h e  test st t h e  60% charge level .  

The calculat ion by which the  s t a t e  of ba t t e ry  charge w a s  

determined is based on the  amount of energy consumed and not on the 

charge used. Since the  instrumentation did not include an amp-hr meter, 

the amount of charge used could not be determined, and the  charge 

l eve l s  had t o  be calculated from the  used energy. A 20% bat tery  dis- 

charged s t a t e  occurred when 20% of t h e  energy consumed during the  maxi- 

rum cruise  speed, 56 Kph [ 35 mph) , range t e s t  had been used. A l a t e r  

comparison of the  d i f fe ren t  charge levels  of the  b a ~ t e r y  as determined 

bi both t h e  energy and charge methods showed very l i t t l e  difference 

between the  methods. 

The resu l t s  of the  acceleration t e s t  are presented i n  

Figures 5.3.1 through 5.3.17. The figures contain four plots each. The 

plots  are  arranged according t o  t h e  bat tery  s t a t e  of charge with t h e  

first p lot  associated with the  100% charged s t a t e  while the  fourth p lo t  

i s  cLssociated w i t h  t h e  20% charged s t a t e .  Since a l l  the  p lo ts  i n  a 

f igure are simil.ar, a discussion of one plot  is  applicable t o  all. 



time. The 

latel! from 

t 
In Figure 5.3.1 the velocity is plotted against the uncorrected 

L 

time associated with the first velocity datum, vl, is calcu- 

the first valid acceleration datum, t 

where 

a 1 = (v2-vl)/At 

and 

At .= 3.2 sec 

so that 

iti. vi) = (tl + (i-1) At. vi) 

A graph of the velocity vs corrected time is shown in Figure 5.3.2. The 

time is corrected 

and 

where 

The spread in the 

(~igure 5.3.1) is 

in the same manner as the time for the coast down data, 

* * 
ti-l + At = corrected time 

Ari + g sin !I 

corrected acceleration 

uncorrected acceleration 

tan-I ( Z  gradelloc) 

data points for the velocity vs uncorrected time curve 

reduced when s correction is made for the slope. 



The bat tery  voltage is  shown a s  a Punction of velocity i n  

Figure 5.3.3. The bat tery  voltage drops s l i g h t l y  a t  the  beginning of a 

run and then s t ab i l i zes  a t  about 140V. The motor o r  armature voltage 

( f i t p r e  5 . 3 . 6 )  h c r e a s e s  l inea r ly  with respect t o  velocity u n t i l  it 

becomes equal t o  t h e  bat tery  voltage at about 25 Kph (15.5 mph). The 

bat tery  and m t o r  (armature) currents ac iihe opposite of t h e i r  voltage 

counterpart. The bat tery  current ( ~ i g u r e  5.3.4) increases l i n e a r l y  

with respect t o  velocity whereas the  motor current ( ~ i g u r e  5.3.7) is 

approximately constant, although the  curve show; may not appear t o  be 

constant, over the  25 Kph velocity dcmain. The l i n e s  drawn on the  graphs 

can sametimes be misleading. The l i n e s  a re  drawn by averaging three  

consecutive points,  s tor ing these points,  and then averaging the  stored 

points three  at a time. When the  above process i s  repeated a f e w  times, 

s i x  times f o r  these graphs, a smooth curve resu l t s .  It is  in te res t ing  

t o  note tha t  the  motor current i s  larger  then the  bat tery  current.  The 

excess voltage of the  bat tery  is  transformed i n t o  motor current by the  

chopper armature control.  

The graphs cf the  motor f i e l d  voltage and current ( ~ i g u r e  

5.3.9 and 5.3.10 respectively! p lo t ted  as a function of velocity have 

similar slopes. The two f'unctions a r e  l i n e a r l y  decreasing i!uring the  

f i r s t  25 Kph (15.5 mph), and then they rapidly fall  u n t i l  a speed of 

approximately 35 Kph (22 mph) is reached, at t h i s  velocity the  r a t e  of 

decrease i s  slowed. A t  about 55 Kph (34 mph) the  f i e l d  voltage and cur- 

rent  become zero. The accuracy of the  f i e l d  current measuremeat i s  

questionable because of the  current sensor used which i s  not accurate at 

1 low current l eve l s  . The bat tery  and motor currents  a l so  undergo a rapid 

'A more complete discussion of the  current sensor is  given i n  
Section 2. 



f a l l  a t  about 25 Kph (15.5 mph) i n  a mamer s imi l a r  t o  t h e  f i e l d  vol tage 

and cur ren t .  The ba t t e ry  and motor cur ren ts  drop t o  a nominal value of 

140 amps a f t e r  t h e  drop. 

The b a t t e r y  cur ren t ,  motor o r  armature cu r r ec t ,  and t h e  f i e l d  

current  %re p lo t t ed  aga ins t  normalized time i n  Figures 5.3.5, 5.3.8, 

and 5.3.11 respect ively.  The o r i g i n  of t h e  normalized t i n e  corresponds 

t o  t h e  ca lcu la ted  o r ig in  of  t h e  ve loc i ty  curve. In  some cases  t h e  cur- 

r en t s  have nonzero values p r i o r  t o  t h e  defined s t a r t ,  which i s  obtained 

by ex t rapola t ing  t h e  ve loc i ty  da t a  backwards. The reason f o r  t hese  

nonzero values may be t h a t  t h e  ex t rapola ted  o r i g i n  is  not very accurate  

o r  t h a t  t h e  t ime delays between t h e  acce lera t ion  pedal and wheels r e s u l t s  

i n  current  surges before t h e  vehic le  moves. The points  which occur f o r  

negative time a r e  not  p lo t ted .  Another prcblem t h e  p l o t s  with normalized 

time have i s  t h a t  t h e  time i s  not corrected f o r  s lope.  The motor 

c h a r a c t e r i s t i c s  a r e  a funct ion of ve loc i ty ,  and t h e  ve loc i ty  a ca r  

reaches jn  a given time depends on t h e  s lope  so t h a t  a s lope  cor rec t ion ,  

l i k e  t h e  one done f o r  t h e  ve loc i ty  vs time curve, i s  required. The 

correct ion is  not  done because of t ime l imi t a t ions .  

The d i f f e r e n t i a l  equation, which is  very similar t o  

eqn. 5.2.1, f o r  a vehicle  powered by an e l e c t r i c  motor i s  

2 2 1 (M + J/rw) ir + M(A1 + B1v + C'v ) 2 Mg s i n  0 = - 1 Ka $ i a  - - r 
W 

r Tloss  
W 

(5 .3 . l a )  



Figure 5.3.1. Velocity vr. Tixne (uncorrecbd) 
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Figure 5.3.2. Velocity vr. Time (corrected) 
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IDOL F I P T  ELECTRIC VEHICLE 
. m r n c , 7 m  

F lOT ELECTRIC VEHICLE 
JPL:HC*7/77 
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Figure 5 .3 .3 .  Battery Voltage ve. Velocity 
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Figure 5 . 3 . 4 .  Battery Current vs. Velocity 
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Figure 5 .3 .5 .  Battery Current vr. Time (normalized) 
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Figure 5. 3 . 6 .  Motor Voltage vs. Velocity 
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Figure 5.3.7. Motor Curtent vr. Velocity 
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Figure 5.3 .8 .  Motor Current vr. Time (normalised) 
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Figure 5 . 3 . 9 .  Motor Field Voltage vs. Velocity 
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Figure 5 . 3 .  13. Motor Field Current vs. Velocity 
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Figure 5 .3 .  1 1. Motor Field Current vs. Time (normalized) 
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where 

A ' ,  B', C' = constants  from eqn. (5.2.7) 

Ka = constant of  propor t iona l i ty  

I$ = f i e l d  f l ux  

i = &mature current  a 

J = moment of i n e r t i a  o f  d r ive  t r a i n  and wheels 

T, = d i s s i p a t i v e  torques i n  d r ive  t r a i n  
LOSS 

Equat im (5.3.la) can be wr i t t en  in  terms of the cu r r en t s  i f  the separ- 

ately exci ted compound motor is operated i n  the  magnetically l i n e a r  

region, then 

i = shunt f i e l d  cur ren t  f  

Ns = number o f  series f i e l d  windings 

Nf = number of  shunt f i e l d  windings 

N 2 
I(+ 2 g s i n  6) =I(' (if + 3 i ) - M(A'  + B'V + c i i 

r 
V Nf a 

The moment of i n e r t i a  of t h e  d r ive  t r a i n  and whezls, J ,  and t h e  

d i s s i ~ a t i v e  torques, of tile dr ive  t r a i n  a r e  neglectea i n  Loss ' 

eqn. (5.3.lb). 

The armature o r  motor current  ~ i g u r e  5.3.7), and the  

f i e l d  current  ( ~ i g u r e  5.3.10), a r e  used t o  c o n t r d  t h e  motor. The type 



of cont ro l  used is  discussed i n  a  paper by G. ~ rusag l ino . '  Below a base 

ve loc i ty ,  which appears t o  bcl about 25 Kph (15.5 mph), both t h e  armature 

and f i e l d  cur ren t  a l e  cont ro l led  while above t h e  base speed only t h e  

f i e l d  cur ren t  is control led.  The armature vol tage i s  equal  t o  t h e  

b a t t e r y  vol tage f o r  speeds above t h e  base speed. For v e l o c i t i e s  l e s s  

then t h e  base speed, t h e  f i e l d  current  ( ~ i g u r e  5.3.10) appears t o  be a 

l i n e a r l y  decreasing function of  ve loc i ty  while t h e  armature cur ren t  

( ~ i g u r e  5.3.7) i s  approxiffiately constant ,  . A constant armature cur- *a 

r e n t  and a  l i n e a r l y  decreasing f i e l d  current  produces an acce lera t ion ,  

eqn. (5 .3. lb) ,  which depends on ve loc i ty  i n  t h e  following way. 

where 

Ac = corrected acce lera t ion  

i = al - b v l i n e a r l y  decreasing funct ion of ve loc i ty  
f 1 

A t  low v e l o c i t i e s  t h e  wind drag term is negl ig ib le ,  and t h e  acce lera t ion  

i s  a  l i n e a r  funct ion of ve l ac i ty  

- =  dv A + B v f o r  v < 25 Kph (15.5 mph) 
d t  - 

& ~ i a t ' s  Elec * ic  Vans f o r  ~ n e l , "  Fourth In t e rna t iona l  E l e c t r i c  Vehicle 
Symposium, , j76. 



The slope-corrected acceleration is plotted against velocity in Figure 

5.3.12, and a least squares fit of the data to eqn. (5.3.2a) is done for 

velocities under 25 Kph (15.5 mph) . 
For velocities above the base speed, the armature voltage 

equals the bettery voltage so that the armature current and field current 

are related 

where 

e = armature voltage = I$, (battery voltage is constant) a 

La = armature inductance 

R = armature resistance 

assume 

If the inductance, La, is neglec'ted, the armature current as a function 

of field current is 

since R << 1 
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Figure 5 .3 .  12. Acceleration (corrected) vs. Velocity 

5-41 



I f  the  expression f o r  the  armature current is subs t i tu ted  i n t o  eqn. 

(5.3.lb), the  form of the  accelerat ion equation i s  

A reasonable f i t  of the  f i e l d  current data can be made t o  the  

following equaticn 

When the  expression f o r  the  f i e l d  current  is subs t i tu ted  i n t o  the  

accelerat ion equation, the  Pmctional  forn of the  accelerat ion equation 

can be wri t ten a s  

f o r  v 25 Kph (15.5 mph) 

Our l e a s t  squares curve f i t t i n g  routine was unable t o  f i t  eqn. (5.3.2b) 

t o  the  corrected accelerat ion data f o r  ve loci t ies  above the  base speed. 

The routine was able t o  f i t  the  above equation when the constant G was 

set equal t o  zero. The curve drawn on Figure 5.3.12 is a l e a s t  squares 

f i t  of the  data t o  the  equation 

( A + B v  v - < 25 Kph 



The values f o r  t h e  constants  a r e  given on t h e  graphs along with t he  

s tandard deviat ion of t h e  curve f i t  and t h e  ve loc i ty  where t h e  curves 

i n t e r sec t .  The uncorrected acce lera t ion  i s  p lo t teZ aga ins t  t h e  ve loc i ty  

i n  Figure 5.3.13. 

The acce lera t ion  equation, eqn. ( 5.3.2) , was in tegra ted  by 

t h e  computer with t h e  following algorithm 

(A + Bvi - l) T 
Avi = 

C + Dv 
i-l 

v i-1 < 25 Kph 

2 
+ E / v ~ - ~  + F / v ~ - ~  v i-l - > 2 5 K ~ h  

where 

and 

T = time s t e p  

is drawn i n  Figure (5.3.141, with t h e  

t h e  slope-corrected time. A comparison of  

The in tegra ted  ve loc i ty  curve 

ve loc i ty  da t a  p l c t t e d  aga ins t  

t h e  ve loc i ty  curves f o r  t h s  d i f f e r e n t  charge l e v e l s  revea ls  very l i t t l e  
, - 

di f fe rence  between them. One poss ib le  explanation f o r  t h i s  behavior is  

t h s t  t h e  b a t t e r y  voltage does not de t e r io ra t e  but  remains approximately 

constant over t h e  various charge l eve l s .  The b a t t e r y  vol tage ( ~ i g u r e  

5.3.3) does appear t o  be about t h e  same f o r  t h e  d i f f e r e n t  charge l e v e l s .  

Another reason f o r  t h e  lack  of  d i f fe rence  i n  t h e  ve loc i ty  curves i s  t h a t  

some of t he  runs at t h e  lower charge l e v e l s  which began with t h e  

vehicle  going u p h i l l  could h ~ v e  ended with t h e  vehic le  going downhill. 

The vehic le  would reach a higker terminal  ve loc i ty  going downhill. The 

terminal  ve loc i ty ,  which is  t h e  ve loc i ty  at zero acce lera t ion ,  a l s o  

appears higher than 60 Kp'n (37.5 mph) which is t h e  manufacturers l i s t e d  

maximum speed. 
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Figure 5 . 3 .  13. Acceleration (uncorrected) vs. Velocity 
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The percent g radeab i l i t y  is  p lo t t ed  aga ins t  ve loc i ty  i n  

Figure 5.3.15. The ve loc i ty  i s  i r t e r p r e t ? d  a s  t he  maximum ve loc i ty  f o r  

which t h e  vehic le  can climb t h e  grade. The curve i s  very similar t o  t h e  

acce lera t ion  vs ve loc i ty  curve, Figure 5.3.13, because 

$ grade = Ac 

and when Ac << g 

% grad. = Ac/g 

For v e l o c i t i e s  below t h e  base speed, t h e  % gradeab i l i t y  i s  hfgh, but f o r  

v e l o c i t i e s  above t h e  base speed t h e  % gradeab i l i t y  rap id ly  decreases.  

The b a t t e r y  and motor power, which does not include the  

shunt f i e l d  power, a r e  plo+,ted aga ins t  % gradecb i l i t y  i n  Figures 5.3.16 

and 5.3.17 respec t ive ly .  The % gradeab i l i t y  i s  ca lcu la ted  from the  

acce lera t ion ,  eqn. (5.3.3). The acce lera t ion  is obtained by subs t i -  

t u t i n g  t h e  ve loc i ty  assoc ia ted  with a given power i n t o  eqn. (5.3.2) .  

The power is  proport ional  t o  t he  product of t h e  acce lera t ion ,  which is  

approximately t h e  % gradeab i l i t y ,  and the  veloci ty .  For a high % 

gradeabi l i ty  t h e  climbing speed i s  small,  and t h e  power i s  small .  A t  a 

high climbing ve loc i ty  t h e  % gradeab i l i t y  i s  low and t h e  power AS a l so  

low. The maximum power i s  a t t a ined  a t  a ve loc i ty  s l i g h t l y  l = s s  than  he 

base speed where t h e  % gradeab i l i t y  is  h i  'I ar~d t h e  ve loc i ty  i s  not 

small. The power consumed a t  0% gradeab i l i t y ,  no s lope.  and m u i m m  

speed i s  c lose  t o  the  continuous r a t ed  power of t he  motor. A t  a higher 

% gradeabi l i ty  t h e  maximum continuous power is  exceeded so  t h a t  a . 
prolonged climb could burn t h e  motor out .  



SLOPE-CORRCC IED i U  i J 
F14T ELECTRIC V E h l L E  

4m JPL UC 73'75 

S L O P C - C L ~ : ~ ~  :FD PA r.1 

F l n T  ELE~:l l t lc bEt41iLF. 
JPL . tIC , /7' 

SLOPE'-CORRECTED DPTQ 
F I n T  ELECTRIC VF.IICLE 

JPL:WCs?/77 

Figure 5.3. 15. % Gradeability vr . Velocity 
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Figure 5 .3 .  16. Battery P o w ~ r  VS. '% Gradeability 
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In Table 5,3..i the directiot, of run, grade, vind d i k t i o n ,  

and d u d  aagnitrlde is tabulated for all the runs except those at the 

, 4% charge level. The accelerit ioa data used for  the WS in  this 
, - section i s  gik-n in Appendix B. 

Table 5.3.1. Wind and Grade Infornustion 

Direction Direct ion 
hm80. of Grade of Wiad Velocity of Wind 

100% 1 SE dounhiLl 0.500% lOlj' 4.8 Kph ( 3  mph) 

2 . ,. 
AN w uphi l l  0.500% RE 6 .  p h  (4 mph) 

3 LT E c;tc@ill 0.500% RE. - 5.6 Kpk (3.5 mph) 

4 SE d w n h i l l  0.500% NE 14.5 ~ p h  (9 mphl 

5 NW uphi l l  0.50C% IE 11.3  Kph (7  mph) 

80% 1 NW uphil l  0.500% - 
2 SE dovnhill 0.500% - 

3 NW uphil l  G .500% - 
./ 

- - . 4 SE downhill 0.5002 - - -  - - .  

40% 1 SE downhill 0.5C0% N 3 .2  ~ p h  (2 mph) 

2 W uphil l  0.500s NE-E 4.8 dph ( 3  mph) 
a 
-. SE downhill 0.500% N-NE 2.4 Kph (1.5 mph) 

4 NW uohi l l  0.500g N-NE 8.0 Kph (5 mph) 

20% 1 2 rs' downhill 0.500% W-SW 3.2 Kph (2 mph) 

2 NW uphil l  0.500% S-SW 0 .8  Kph (0 .5  mph) 

3 SE dcwnhill 0.500% W-SW 3.2 Kph (2 mph) 

4 NW uphil l  0.500% W-SW 2.4 Kph ( l . 5  mph) 



5.4 DRIVING CYCLE TESTS 

The B-Cycle t e s t  vas t h e  only d r iv ing  cyc le  t h e  F i a t  Van 

could perform. The C-Cycle test  was just beymd t h e  van's capab i l i t i e s .  

In  t h e  ve loc i ty  vs corrected time curves (Figure 5.3.2) f o r  t h e  accel- 

e r a t ion  test, the  van appears t o  reach 30.6 Kph (19 mph) i n  about tventy  

seconds which would be suff ic 'ent  acce lera t ion  f o r  t h e  C-Cycle. However- 

when t h e  test w a s  attempteri on t h e  l a r g e  oval t r ack ,  t h e  vehic le  f a i l e d  

t o  acca l e ra t e  t o  t h e  proper speed i n  t h e  a l l o t t e d  time. 

The i n a b f l i t y  o f  t he  van t o  acce l e ra t e  normally could be 

a t t r i b u t e d  t o  an u p h i l l  grade, a rougher raad sur face  ondi t ion,  arrd/or 

a stronger  than no& wine. The t rack  where t h e  C-Cycle test was 

a t t e m ~ t e d  Cad an u p h i l l  grade of 0.228%. The road sur face  o f  t h e  t r ack  

f o r  t he  C-Cycle w a s  asphal t  whereas t h e  acce lera t ion  test w a s  conducted 

on cement. The wind was a l s o  lower during t h e  acce lera t ion  test then  

d u r b g  t.he attempted C-Cycle t e s  i.. 

The raqge, number qf dr iv ing  cycles ,  and t h e  energy t o  t h e  

various c3mponents of the  van a r e  summarized i n  Table 2.1 f o r  t h e  two 

B-Cycle t e s t s .  The range w a s  determined when tb - .  vehic le  could not  

acce lera te  t o  30.6 Kph (19 mph) i n  twenty seconds. The average 1-c l-ocity 

f o r  t h e  f i r s t  B-Cycle t e s t  ( i . e . ,  t h e  t e s t  conducted on 5/31/77) was 

29.2 Kph (18.1 mph). The second B-Cycle t e s t  had an  average ve loc i ty  of 

25.4 Kph (15.8 mph) . A ca l ib ra t ion  e r r o r  r e su l t ed  i n  t h e  f i r s t  B-Cycle 

t e s t  being run a t  a high veloci ty .  Tine van was acce lera ted  t o  EL 

veloc i ty  ~f 39 Kph (24.5 mph) ins tead  of 32 Kph (30 mph) . 
The r e s u l t s  of' t h e  B-Cycle t e s t s  are summarized i n  Figures 

5.4.1 through 5.4.14. Ei.:<*2 t h e  B-Cycle t e s t s  were conducc.ed a t  d i f -  

f e r en t  speeds, t h e  beginning cycles  and last cycle are shown f o r  both 
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F I Q T  ELECTRIC VEHICLE 
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Figure 5.4.2. B- Cycle Battery Degradation 



Figure 5.4.3. Battery Voltage vr. Time (normalized) 
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Figure 5.4.4. Battery Voltage vs. Velocity 
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Figure 5.4.6. Battery Current v . Velocity 
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Figure 5.4.8. ;.rotor Voltage ve, Velocity 
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Figure 5.4.10. Motor Current vs. Velocity 



Figure 5.4. 1 !. Motor rield Voltage vs. Time (normaliaed) 
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Figure 5.4. 14. Motor Field Current vs. Velocity 
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t e a t s  in each figwe. The first f e w  cycles of both tests were e r r a t i c  

because the dr iver  was inexperienced. The cycles chosen t o  bes t  repre- 

sent  t h e  average conditions for  t h e  beginnine of t h e  test were 5, 6, 7, 

and 9 f o r  the  f i r s t  %Cycle and 6, 7, 8, and 9 fo r  t h e  second B-Cycle. 

Only t h e  last cycle was used t o  demonstrate condi t ior ,~  at t h e  end of t h e  

t e s t .  In  Figure 5.4.2 the  last t en  cycles of t h e  f i r s t  &Cycle test 

a r e  shown, and only %he last two cycles deviate from t h e  others. The 

last cycle is di f ferent  enough frolil'the second t o  t h e  l a s t  cycle t o  

prevent t h e  use of even two cycles t o  characterize t h e  end conditions. 

Since t h e  first B-Cycle was run a t  a velocity hi@er then 

specified, the  question a r i s e s  a s  t o  how many more cycles could have 

been completed had t h e  t e s t  been conducted correctly. I n  Section 6 

the  t o t a l  number of cycles f o r  t h e  f i r s t  %Cycle t e s t ,  i f  tha t  t e s t  

was driven at t h e  proper veloci t ies ,  was estimated t o  be 120. The 

calculat ion was based on a motor eff iciency which was assmed t o  be 

t h e  same as  t h e  one found for the! second 8-Cycle test. 



SECTION 6 

ENERGY FLQW AND PERFORMANCE MODELS 

An energy flow diagram of  t h e  e l e c t r i c  vehic le  is  shown i n  

F i ~ u r e  6.1.1. A l l  t h e  blocks L ,' t he  f i gu re  w i l l  be charac te r ized  by an 

e f f i c i ency  except f o r  t h e  regenerat ive braking. The van produced very 

l i t t l e  regenerative power during t h e  B-Cycle t e s t i n g .  The regenerat ive 

braking system employed by F i a t  contains  a re lay ,  ca l l ed  t h e  brake r e l a y  

i n  Figure 3.5, which c loses  at about t h e  base speed, 25 Kph (15.5 mph). 

When t h e  r e l ay  c loses  it opens a path t o  ground through a r e s i s t o r  

giving t h e  braking e f f e c t  of  an i n t e r n a l  combustion engine. The power 

generated by t h e  motor is  d i s s ipa t ed  i n  t h e  dynamic braking r e s i s t o r  

(Figure 3.5) f o r  ve loc i t i e s  below t h e  base speed. In  t h e  B-Cycle t e s t s  

t h e  braking occurs a f t e r  t h e  vehic le  has coasted f o r  four  seconds from 

a ve loc i ty  of 32 Kph (20 mph). The ve loc i ty  a t  which braking begins is  

not much higher than t h e  base speeds so  t h a t  very l i t t l e  power is  

returned t o  t h e  b a t t e r i e s .  

€4 

MTTERY CONTROLLER MOTOU 
, 1 

REGENERATIVE 
BRAKING 

Figure 6.1.1. Energy Flow Diagram 



CHARGER AND BA!PTERY 

The char&cr e f f i c i ency  a ~ d  t h e  battery e f f i c i e n c y  are not 

independent s i n c e  they are both a funct ion o f  t h e  charging cycle.  The 

energy l o s s  i n  t h e  charger. El (Figure 6.1.1). is due t o  r e s i s t i v e  

losses .  IRO, and vol tage  losses .  IV ( i . e . ,  V is a constant vo l tage  

drop). The energy l o s s  i n  t h e  ba t t e ry ,  E2, is due t o  t he  ba t t e ry ' s  

i n t e r n a l  res i s tance ;  back p o t e n t i a l  l o s s e s  r e s u l t i n g  from the  d i f fu s ion  

layer ;  and hydrolysis . '  The charger should be compatible with t h e  bat- 

t e r y  so  t h a t  a charging cyc le  which is e f f i c i e n t  f o r  the  b a t t e r y  is a l s o  

e f f i c i e n t  f o r  tne  charger. 

The ba t t e ry  manufacturer, Magnetti-Marelli, supplied a 

charging curve, Figure 6.1.2, which could not  be followed with t he  

2 3 4 5 6 7 8 9 10 
HOURS 

Figure 6.1.2. Magnetti-Marelli Charging Curve 



chs rger  fu rn i shed  by F i a t .  If t h e  charging curve could have been 

followed, t h e  t o t a l  charge i n t c  t h e  b a t t e r y  would have been 148 amp-hrs 

and t h e  energy t o  t h e  b a t t e r y  would have been 24.7 Kw-hrs. 

The charger  and b a t t e r y  d a t a  is  l i s t e d  i n  Table 6.2.1. The 

a c t u a l  energ ies  used i n  charging t h e  b a t t e r i e s  a r e  given i n  columns one 

m d  two of  t h e  t a b l e .  The energy i n t o  t h e  b a t t e r y  f l u c t u a t e d  widely 

because o f  t h e  i n i t i a l  n e c e s s i t y  t o  overcharge t h e  b a t t e r i e s  t o  

e q u a l i z e  t h e  c e l l s  and a l s o  because o f  o p e r a t o r  e r r o r .  A charglng curve 

which was d i f f e r e n t  from t h e  b a t t e r y  manufacturers recommended curve but  

which produced a  charge o f  150 amp-hrs w a s  developed. Unfor tunate ly ,  

t h e  b a t t e r y  charger  had t o  be hand cpera ted  dur ing t h e  charging c y c l e  

and t h i s  in t roduced o p e r a t o r  e r r o r .  

Since  150 amp-hrs was t h e  in tended charge,  t h e  amount o f  

energy used t o  produce t h i s  charge 1,511 be csns idered  t h e  energy t o  t h e  

b a t t e r y ,  column f i v e  o f  Table 6.1.1,  an3 t h e  overcharge w i l l  be  sub- 

t r a c t e d .  The charger  e f f i c i e n c y  was c a l c u l a t e d  t o  be 805 s o  t h a t  t h e  

energy t o  t h e  charger ,  column f o u r ,  i s  ob ta ined  by d i v i d i n g  t h e  energy 

t o  t h e  b a t t e r y  by 0.89. The e f f i c i e n c y  o f  t h e  charger  is  based on a  

charge where a wattmeter measured t h e  energy from t h e  w a l l .  The w a t t -  

meter was used because t h e  r e s o l u t i o n  o f  t h e  energy meter used f o r  

measuring t h e  energy t o  t h e  charger  was +1 Kw-h~. However, t h e  accuracy 

of t h e  wattmeter might not  be much b e t t e r  s i n c e  t h e  c u r r e n t  sensor  o f  t h e  

wattmeter w a s  temperature  s e n s i t i v e  and a l s o  had a  r e s o l u t i o n  problem; 

it was r a t e d  a t  150 amps f u l l  s c a l e  but t h e  c u r r e n t s  dur ing charging were 

below 20 amps. The charger  e f f i c i e n c y  and t h u s  t h e  energy t o  t h e  

charge1 i s  not  very a c c u r a t e .  The energy l i s t e d  i n  column f o u r  o f  

Table 6.1.1 w i l l  be used t o  c a l c u l a t e  t h e  v e h i c l e  energy ecmomy. 
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The charge in20 t h e  ba t t e ry ,  even assuming 150 cunp-hrs, 

grea t ly  exceeds t h e  charge out  of t h e  ba t te ry .  It is important t o  deter- 

mine t h e  b e s t  way t o  charge a ba t t e ry .  I f  t h e  b a t t e r y  is overcharged, 

t h e  e f f i c i ency  i s  decreased while i f  t h e  b a t t e r y  is undercharged, t h e  

performance su f f e r s .  The amp-hr e f f i c i ency  of  t h e  b a t t e r y  is  given i n  

Table 2.2 along with t h e  b a t t e r y  energy ef f ic iency .  The ef f ic iency  

ca lcu la t ions  a r e  based on t h e  150 amp-hr charging cycle .  

6.2 CONTROLLER 

The e f f i c i ency  o f  t h e  con t ro l l e r  f o r  t h e  various t e s t s  i s  

shown i n  Table 2.2. For both t h e  40 Kph (25 mph) and 56 Kph (35 mph) 

range t e s t s  t h e  con t ro l l e r  e f f i c i ency  wa,s about 91% while f o r  t h e  

B-Cycle t e s t s  it was s l i g h t l y  lower a t  87%. 

6 . 3  MOTOR 

The efficiency of  t h e  motor is  d i f f i c u l t  Lo determine s ince  

the  energy t o  t h e  load is  not recorded. The load  energy must be 

computed from the  da t a  obtained during t h e  coast  down t e s t s .  Since t h e  

wheels were disconnected from t h e  d r ive  t r a i l  during t h e  coast  down 

t e s t ,  t h e  energy lo s ses  i n  t h e  d r ive  t r a i n  w i l l  add Lo t h e  energy 

lo s ses  of t h e  motor, Eb i n  Figure 6.1.1. 

If regenerat ive braking i s  not used so  t h a t  t h e  k i n e t i c  

energy of t h e  vehicle  i s  not recoirera,ble, t h e  energy consumed can be 

ca lcu la ted  by in t eg ra t ing  t h e  l e f t  hand s i d e  of eqc. ( 5 . 3 . l a ) .  



The load energy can be broken up into the kinetic energy, the road 

energy consumed during acceleration, and the road energy conaumed at 

constant speed. 

where 

Vo = constant  speed characa~er iz ing  test 

d = dis tance  t rave led  a t  constant speed 

tf = time t o  accelera.ce t o  constant speed 

and 

A ' ,  B', C' given by eqn. (5.2.7) 



In  t h e  range at constant speed tests, t h e  road energy consumed during 

acce lera t ion  is neg l ig ib l e  ( i . e . ,  vOt, << d )  . For t h e  RCycle  t h e  

kunnt i t ies  votf and d should be equal  ( i . e . ,  votr = d) .  The f i r s t  

B-Cycle t e s t  was run a t  a high ve loc i ty ,  39 Kph (24.5 mph) ins tead  of 

32 Kph (20 mph), because of R ca l fb ra t ion  e r r o r .  

The ca lcu la ted  load energy f o r  t h e  various t e s t s  is  give 

i n  Table 6.3.1. The energy e f f i c i ency  of  t h e  motor, which i s  based 0x1 

t h e  ca lcu la ted  load energy, is  l i s t e d  i n  Table 2.2. I f  t h e  f i r s t  

B-Cycle t e s t  had been run a t  t h e  cor rec t  ve loc i ty ,  and i f  t h e  e f f ic iency  

o f  t h e  second t e s t  is assumed f o r  t h e  f i r s t ,  then t h e  energy t o  the load 

would have been 5.35 Kw-hr and 120 B-Cycles would have been completed. 
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SECTION 7 

OBSERVATIONS AND CONCLUSIONS 

In  t h i s  repor t  t h e  e l e c t r i c  ca r  components shown i n  

Figure 6.1~1 were exmined. The charger furnished by F ia t  :?as not t h e  

charger usua l ly  usee with t h e  van, and it had t o  be hand operated over 

t h e  charging cycle .  The b a t t e r i e s  were nev, had not been deep cycled, 

and t h e  c e l l s  were not i n i t i a l l y  eq1:alized. The b a t t e r i e s  were only 

f o r t y  t o  f i f t y  percent e f f i c i e n t .  L .2  regenerat ive power flowing t o  

t h e  b a t t e r y  from t h e  motcr during t h e  B-cycle t e s t s  was negl ig ib le .  

A C-Cycle, where a higher ve loc i ty  is  a t t a ined  then during t h e  B-Cycle, 

might have provided a b e t t e r  t e s t  f o r  t h e  F i a t  regenerat ive braking 

system s ince  t h e  system does not r e tu rn  energy t o  t h e  b a t t e r y  b-elow 

25 Kph (15.5 mph). The C-Cycle was, ~ n f o r t ~ a t e l y ,  j u s t  beyond t h e  

capab i l i t y  of t he  van. The c o n t r o l l e r  and motor, which incorporated 

both. a shunt and s e r i e s  f i e l d ,  operated well  and was e f f i c i e n t .  

The load on t h e  motor, which is  needed t o  determine t h e  

motor e f f i c i ency ,  was ca lcu la ted  from t h e  coe f f i c i en t s  obtained i n  t h e  

coast  down t e s t .  Since t h e  motor was diszonnected i h m  t he  wheels a f t e r  

t h e  dr ive  t r a i n ,  t h e  d r ive  t r a i n  l o s ses  a_*e included with the  motor 

l o s ses  i n  e f f i c i ency  ca lcu la t ions .  'The accuracy of t h e  coe f f i c i en t s  i s  

s e n s i t i v e  t o  t h e  slope and road surface of t h e  t r a c t ;  t h e  wind; and t h e  

time s t e p  of t h e  da t a  recording system, Since the  motor cbn have a high 

ef f ic iency ,  t h e  coe f f i c i en t s  should be known more hccurately.  The e f f i -  

ciency of t h i s  motor was high f o r  the constant speed t e s t s  but f e l l  

during t h e  13-.':rcle t e s t s .  A considerable anount of power was consumed 

by t h e  shunt f i e l d  a t  t h e  lower ve loc i t i e s .  



The o l ~ e r a l l  energy ef f ic iency of the  van was low  able 2.2). 

The low overa l l  eff iciency is  a t t r ibu ted  t o  the  low ba t t e ry  eff iciency.  

The charging curve supplied by F i a t  produced a 150 amp-hr charge t o  the  

battery. The mount of charging ac tual ly  needed by the  b a t t e r i e s  is 

questionable. The amp-hr eff iciency of the  b a t t e r i e s  w a s  low which 

means t h a t  a l o t  of hydrolysis was occurring e i t h e r  during charging o r  

discharging. Ihe charging of b a t t e r i e s ,  and for  t h a t  matter ,  t he  overa l l  

maintenance of ba t t e r i e s ,  i s  a major' problem area of e l e c t r i c  vehicles 

and should be investigated more thoroughly. 
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APPENDIX D 

DATA now PATH OVERVIEM 

E l e c t r i c a l  measurements made on t h e  e l e c t r i c  vehic les  a r e  recorded, 

computer processed, and eventually presented i n  tabular  and/or graphical  

format. The flow from one end t o  t h e  other  i s  very complex. In  t h i s  

sec t ion ,  an overview descr ip t ion  is given of t h e  da t a  co l l ec t ion  system 

and t h e  da ta  ana lys is  software. 

A. DATA RECORDING PHASE 

Performance tests of the electric vohicles were made during their 

operation around a race track. Electrical parameters such as voltage, 

current, and power were measured continuouely during the test. A 

custom-mads portable data logger transcribed the electrical measure- 

ments from their respective transducers onto a magnetic tape cassette 

via a Datel recorder ' ( ~ i g .  D. I) .  Sixteen different parameters were 

measured, scanned, and recorded serially on a digital cassette. A11 

data entries onto the rape were followed by a hexadecimal channel or 

parameter identification number. A more comprehensive description of 

the recording system is given i n  S.ection 4. 

MEASUREMENT 
TRANSDUCERS 

MOBILE DATA 
LOGGER 

c SIGNAL 
CONDI- 
TlONlNG 

CASSETTE 

I 1 I 

I I I 
MUX I S/H I ADC I ~ ~ ~ ~ ~ E R  

- 
. - 

Figure D.1.. Functional diagram of t h e  Data Acquisit ion S y s t m  
used on board t h e  e l e c t r i c  vehicles  

I I I 
I I I 

/ \ 
- 0 0 



B. DATA ANALYSIS PHASE 

The e l e c t r i c a l  rneasurenents recorded on c a s s e t t e  dur ing a t e s t  

were read o r  t r a n s c r i b e d  i n t o  t h e  memory o f  t h e  Automated Control  and 

Test  System (ACTS/ nini-computer f o r  subsequent s t o r a g e  and a n a l y s i s .  A 

Datel  LPR-16 redder  was used t o  conver t  t h e  nagne t ic  images on t h e  cas- 

s e t t e ' s  t a p e  i n t o  a s e r i a l  stream of hexadecimal ASCII (American Standard 

Code f o r  Information ~ n t e r c h a n g e )  c h a r a c t e r s .  Each c h a r a c t e r  i s  coded 

by a sequence o f  seven b i n a r y  d a t a  b i t s  followed by a p a r i t y  and a s t o p  

b i t .  Each b i t  i s  r epresen ted  e l e c t r i c a l l y  a s  a "0" o r  LO by a C v o l t  

It e l  o r  a s  a "1" o r  H I  by an app l ied  v o l t a g e  l e v e l .  

The a e r i a l  etream of b i t a  which r e p r e s e n t  a c h a r a c t e r ,  which i n  

t u r n  code a d a t a  measurement e n t r y  are made a v a i l a b l e  a t  an  RS232 

connector of t h e  D a t e l  r s a d e r .  The s i g n a l  is  rece ived  by a DL11 

i n t e r f a c e  i ~ p u t , / o u t p u t  ca rd  of the ACTS mini-computer. The mini- 

camputer i s  s P D P - ~ L / L C  suppor ted by 28K memory, d u a l  d is ic-car t r idge 

d; ives ,  o p e r a t o r  t e rmina l s ,  and an  e l e c t r o s t a t i c  p r i n t e r / p l o t t e r  

( ~ i g u r e  D. 2 ) . 

Extensive so f tware  programs wsre w r i t t e n  t o  accep t  t h e  d a t a  

and handle  i t  a p p r o p r i a t e l y .  A d e s c r i p t i o n  of t h e s e  is given below. 

The o p e r a t i o n a l  sequence f o r  d a t a  a n a l y s i s  was t o  

1) turn-on t h e  ACTS and suppor t ing  equipment, 

2 )  load  and rewind t h e  c a s s e t t e  and t h e  Da te l  r e a d e r ,  

3) type-in commands a t  t h e  o p e r a t o r  t e rmina l  t o  run o r  

execu te  t h e  so f tware  d a t a  a c q u i s i t i o n  programs, 

41 perform o p a a t i o n s  according t o  i n s t r u c t i o n s  given a t  t h e  

t e rmina l  by the program, and 

5 )  once t h e  d a t a  is loaded i n t o  t h e  computer, run  o t h e r  s p e c i a l  

a n a l y s i s  so f tware .  

C. GENERAL SOFTWARE DESCRIPTION 

The one e n t i t y  which g i v e s  "power" t o  a computer, which g r e a t l y  

f a c i l i t a t e s  reduc t ion  of massivs d a t a ,  a ~ d  which opens t h e  avenues t o  

v a r i e d  forms of d a t a  a n a l y s i s  i s  t h e  sof tware .  For t h e  e l e c t r i c  v e h i c l e  

p r o j e c t ,  two b a s i c  types  of p r o g r a m  were w r i t t e n : .  
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) d a t a  a c q u i s i t i o n  6nd s t o r i n g  

2 )  d a t a  a n a l y s i s  and p r e s e n t a t i o n .  

Piost p r o g r a m  were w r i t t e n  i n  DEC RT-11 FORTRAN language which I s  analo- 

gous t o  FORTRAPi TV. This  l snguagc was chosec s i n c e  it is  popular  among 

progr,unmers and d i f f e r t z t  people can w r i t e  t h e i r  own s p e c i a l  a n a l y s i s  o r  

u s e r  sof tware .  

Tile u s e r  programs ( t h o s e  which t h e  o p e r a t o r  c a l l s  a t  t h e  t e r m i n a l )  

,-onform t o  c e r t a i n  convent iocs .  A s i n g l e  program cor lz is ts  b s s i c a l l y  of 

f o u r  p a r t s  (F igure  D. 3 )  : 

1) non-execut~! le statements such as dimensioning of arrays, 

data entries of constants and alphanumeric labels, and icput/ 

output (110) foimat specifications; 

2)  a central executive loop which coordinates execution of 

the program; 

3) the main program consisting of a sequential list of 

computer instructions and categorized in sections, each of 

which accomplishes one operator task; and 

4 )  subroutines which are shared by different sections of the 

program and which accomplish one detailed mathematial or 

110 operation. Subroutines may be internal to the user 

program, or be called-in from a library, such as the least- 

square-fir roucine and the plotting package, The latter 

robtines are also called sub-programs since they are 

compiled separately from the user program. 

The executive loop allows the program to: 

1) be interactive with the operator 

2 )  incorporate several tasks euch as ac~oire, store, and print 

data in one user program. 

The progrzT w i i l  t ype  ques t ions  a t  t h e  t e rmina l  and w a i t  f o r  +he  o l e r a t o r  

t o  respond. w p i c a l l y ,  i n f o m a t i o n  i s  r e q u t s t e d  such as t h e  f i l e  name 

t o  s t o r e  d a t a  i n t o ,  w!iet,her t h e  c a s s e t t e  i s  ready t o  be r e a d ,  o r  s i n p l y  

what opera t ion  i t  s h a l l  2erfot-m nex t .  The l a t t e r  i s  r e f e r r e d  t o  :.he 
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program's mode of  r a t i on ;  t h a t  i s ,  one mode of operat ion w i l l  perform 

s given operator  t a sk  which i s  defined by on? s ec t ion  of  t h e  main pa r t  

of t h e  user  program. 

Systems llrograins a r e  a l s o  ava i l ab l e  t o  t h e  operator .  These enable 

one t:, c r e a t e  a user  program, run it, dup l i ca t e  it, and t r a n s f e r  it ( o r  

a data  f i l e )  from one per iphera l  t o  ancther .  One system program, f o r  

example, c a l l ed  PIP allows t h e  operator  t o  c r e a t e  s torage  space on d i sk  

by de l e t i ng  2ld un-used da t a  f i l e s .  
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SECTION 1 

INTRODUCTION 

A s  a  p a r t  of ERDA's E l e c t r i c  and Hybrid Vehicle "State-of-  
A r t  Assessment" Program, t h e  Ripp-Elect r ic  was f i e ld - t f - ; t ed  a t  t h e  
f a c i l i t y  of Dynamic Science ,  I n c ,  of Phoenix, Arizona,  dur ing  March and 
A p r i l  1977. This  r e p o r t  i s  a  d e s c r i p t i o n ,  compi la t ion ,  and a n a l y s i s  of 
t h e  f i e l d  t e s t s .  

P r i o r  t o  the  above t e s t s ,  wi th  suppor t  from NASA and ERDA, 
a s e r i e s  of performance t e s t s  was conducted on t h e  Rip?-Elect r ic ,  us ing  
JPL'S c h a s s i s  dynamometer f a c i l i t y .  These r e s u l t s  a r e  r epor ted  i n  JPL 
document 900-759, October 1976. 

The State-of-Art  Assessment r epor ted  t h e  r e s u l t s  of t h e  
above t e s t s .  However, because of t h e  expanded c a p a b i l i t y  o f  t h e  d a t a  
a c q u i s i t i o n  system desc r ibed  i n  t h i s  r e p o r t  and t h e  d e s i r e  of JPL t o  
p resen t  t h e  d a t a  i n  a  v e h i c l e  system energy-flow formzt,  t h e  r e p o r t  was 
expanded t o  inc lude  energy-flow a 2 a l y s i s  (Sec t ion  8) .  

This r e p o r t  a l s o  c o n t a i n s  much d a t a  on t h e  Ripp-Elect r ic  
generated by t h e  des igner  of t h e  v e h i c l e  p r i o r  t o  the  t e s t s  conducted 
f o r  t h e  ERDA program. These t e s t s  a r e  so  noted i n  t h e  t e x t .  



Sec t ion  2 

SUMMARY OF RESULTS 

The f2llowing is a s u m a r y  of performance t e s t s  conducted 
on t h e  Ripp-Elect r ic  a t  Dynamic Science,  Inc . ,  of Phoenix, Arizona, 
dur ing Yarsh and A ~ r i l ,  1977, 

2e1 CCNSTANT S; EED TESTS 

2.1.1 Range (miles) 

25 mph (av. 2 t e s t s )  . . . . . . . . . .  ,191.30 . . . . . . . .  35 mph (av. b e s t  2 t e s t s )  87.81 . . . . . . . . . . .  45 mph (av. 2 t e s t s )  71.00 . . . . . . . . . .  Max Speed (av. 2 t e s t s )  54.26 

2.1.2 Miles per Line KWH 

. . . . . . . . . .  25 mph (one test only)  4.39 . . . . . . . . .  35 mph (av. b e s t  2 t e s t s )  3.50 . . . . . . . . . . .  45 mph (av. 2 t e s t s )  2.92 . . . . . . . . .  Max Speed (one t e s t  or.ly) 2.40 

2.2 D R I V I N G  CYCLE TESTS 

2.2.1 Range (miles) 

. .  Sched. R ,  no regen. b r .  (one t e s t  on ly ) .  65.39 
Sched, B ,  w i th  regen.  b r  (one t e s t  only)  . . 73.01 
Sched. C no regen.  b r .  (av. 2 t e s t s )  . . . .  53.23 
Sched. C wi th  regen. b r .  (av. b e s t  2 t e s t s ) .  76.55 

Miles per  Line 1W 

Sched. B ,  no regen.  b r .  (one t e s t  on ly ) .  . .  2.46 
Sched. E ,  w i t h  regen. b r .  (one test on ly) .  . 2.75 
Sched. C ,  no regen.  b r .  (av. 2 t e s t s ) .  . . .  2.29 
Sched. C ,  w i t h  regen.  b r .  (av. b e s t  2 t e s t s )  2.78 

EV-106 b a t t e r i e s ,  2N625i T r a n s i s t o r s  

. . . . . .  0-10 mph . . 3.4 sec  . . . . . . . . .  0-20 mph 8.2 se; . . . . . . . .  0-30 mph .14.5 s e c  . . . . . . . .  0-40 mph .22.6 s e c  . . . . . . . .  0-45 mph .28.3 s e c  



900-850 

LEV-115 Batteries*, SDT-12302 Transistors 

0-10 mph 
0-20 mph 
0-30 mpn 
0-40 mph 
0-45 mph 

* 
New batteries 

. . . . . . . . .  3.3 sec . . . . . . . . .  8.4 sac . . . . . . . .  .15.2 sec 
.24.8 sec . . . . . . . .  . . . . . . . .  .31.4 sec 

loaned by ESB, Inc. 



'JEHICLE DESCRIPTION 

3.1 GENERAL DESCRIPTION 

The R ipp-E lec t r i c  is a conve r t ed  1971 Datsun 1200 Sedan 
( F i g u r e  3.1.1). The d r i v e  l i n e ,  c o n s i s t i n g  of t h e  s t a n d a r d  h y d r a u l i c  
c l u t c h ,  four-speed t r ansmis s ion ,  and rear a x l e ,  h a s  been  r e t a i n e d .  The 
i n t e r n a l  com5ustion eng ine  and a s s o c i a t e d  components were r e p l a c e d  w i t h  
an advanced electric d r i v e  system. 

I n  a d d i t i o n  t o  t h e  above nrodif i c a t  io*:s, t h e  conve r s ion  
i n c l u d e s  r a d i f i c a t i o n  t o  bo th  t h e  f r o r t  iind rear suspens iun .  I n  t h e  
case of t h e  f r o n t  suspens ion ,  t h e  o r i g i n a l  c o i l  s p r i n g  were r e p l a c e d  
w i t h  s t i f f e r ,  s l i g h t l y  s h o r t e r  u n i t s ,  and t h e  FIcPherson shocks  were 
r e p l a c e d  w i t h  Koni i n s e r t s .  I n  t h e  c a s e  of  t h e  r e a r  suspens ion ,  
a d d i t i o n a l  l e a v e s  were added t o  t h e  o r i g i n a l  s e m i - e l l i p t i c a l  u n i t s ,  and 
t h e  o r i g i n a l  shocks  were r e p l a c e d  w i d 1  heavy-duty counterparts. 

Othe r  m o d i f i c a t i o n s  i n c l u d e :  

8 Body m o d i f i c a t i o ~ s  s o  t h a t  t h e  s p a r e  t i r e  is accessed  
from under  t he  c a r  (F igu re  3 .1 .2) .  

Body m c d i f i c a t i o n s  t o  p rov ide  s p a c e  f o r  s i x  b a t t e r i e s  
i n  t h e  motor compartment ( F i g u r e  3 .1 .3) .  

8 C o n s t r u c t i o n  of  an  aluminun~ "cross-member" t o  r e p l a c e  
o r i g i n a l  u n i t  and p rov ide  adequa te  s p a c e  f o r  motor. 

8 M o d i f i c a t i o n  o f  s t e e r i n g  "cross-rod" t o  a1 low 
adequate  s p a c e  f o r  motor. 
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3.2 BATTERY 

A s e t  of new ESB EV-106 b a t t e r i e s  was used f o r  tests 1 
through 27 a t  Dynamic Science. T e s t s  28 through 31 used a new set (on 
loan from ESB) r E  LEV-115s. 

S p e c i f i c s  on t h e  EV-106 b a t t e r i e s  are as follows: 

a Nominal Capacity 75 amps f o r  106 minutes (ESB spec) 

Nominal Voltage 120 v o l t s  (20 s ix  v o l t  u n i t s  i n  
s e r i e s )  

a Weight 1300 l b  (20 b a t t e r i e s ,  each 65 l b )  

a Energy Storage 15.23 KWH at  75 amps and 27*C,  
based on ESB spec  where average 
d i scharge  v o l t a g e  = 5.75 v o l t s  
over  106 minutes) 

Figures  3.2.1 through 3.2.5 a r e  ESB data on d i scharge  
vo l tages  vs t i m ~ .  









3 0 100 300 I COO 

DISCHARGE CURRENT (anps) 

Figure 3 . 2 . 4 .  ESB Data, EV-106 Discharge Time vs Discharge Rate for 
va:ious temperatures (M,?asured Data). For currents 
i e s s  ths2 90 amps, terminat?on is a t  1.75 v o l t s  per 
c e l l ;  for currents greater than 9C amps, termination 
is a t  1.00 vo l t  per c e l l .  



Figure 3.2.5. ESB Data, EV-106 Energy and Power Deasity vs Time 
of Discharge 



The e l e c t r i c  motor  is l o c a t e d  under  t h e  hood ( F i g u r e  3.1.3) .  
The u n i t  was manufac tured  by Baker-Ot is Company and is d e s i g n a t e d  as 
model 1265. A s p e c i a l l y  f a b r i c a t e d  s h a f t  a d a p t e r  c o u p l e s  t h e  motor  s h a f t  
t o  a mod i f i ed  Datsun f lywtwel .  

The motor  is a t o t a l l y  e n c l o s e d  fou r -po le ,  120  v o l t  machine 
w i t h  IN- i n t e r p o l e s ,  a nonlclmiuated frame and  a  non-skewed a rma tu re .  
Maximum e f f i c i e n c y  a t  its b e s t  o p e r ~ t  irrp p o i n t  is $6":. Maximum c o n t  inu- 
a u s  powcr r a t i n g  is 1 5  t o  20 hp, ;lud masimum s lwrd  is 4000 WM. Motor 
weight  i s  205 l b .  

3.4 DATA ON BAKER-OTIS 12h5 ElOTOK 

P r i o r  t o  c ~ w  ' u c t  o f  tilt. t e s t s  d e s c r i b e d  i n  t h i s  r e p o r t ,  d a t a  
w i i s  a c q u i r e d  011 t h e  l 2 b 5  motor  by t h e  m t l ~ o r  and is inc luded  h e r e  f a r  
readc.c- i t l t o r n ~ a t i o n .  Torques and RPEI d a t a  were o b t a i n e d  wich spec-i;ll 
i n s t  rumrnta t  i on ;  vol t a g c s  rlud c u r r e n t s  were me;lsured w i t h  a Fluke SlOOA 
DVM. Sou rces  o f  mcbasurement e r r t j r ,  i n  d d i t  ion  LC? tht* i n s t r u m e n t s  
themselves ,  i n c l u d e  opcr.it ing-poin t  d r i f t .  E r r o r s  a r e  estim;ltc.d ;it 

+ 0. .!A + 0. 5 p c r c t w t  c)f rt*.ldinp t o r  a1 1 ~ u r r ~ n t s .  + 0. 11' + . - 0.2 p e r c t w t  
ot  re.ldiup f o r  .111 v01t;lgcs. + .- 1 pt-rc'ent o f  r e d i n t :  f o r  RPMs and 
+ .! i t - l b  + 1 percent of rc.;ldiug ic>r t,jrquc>s. Data i s  l i s t c J  i n  
Tab lc  3 . A .  1 and plkjttt-d i n  F i g u r ~ ~ s  3.A. 1 t l l r o u ~ h  3.-'t. 3 .  
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Table 3 .4 -1 .  Data On Baker-Otis 1265 Motor 

Motor Vol ;age 
(Volts) 

Motor Current 
(Amps 

Torque 
(f t-lb) RPM H.P. Eff. 



Figure 3 . 4 . 1 .  Plot  o f  Torque vs Current for Baker-Otis 1'265 Motor Usills 
Table 3 . 4 . 1  Data. Note that Torque is Vir tua l ly  
Independent of Voltage and RPM. 

Figure J.'!.?. Plot  o f  Ef f i c i ency  v s  Current for Baker-0: is 1265 E1o:nr 
Using Table 3 . 4 . 1  Data. 
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Figure 3.4.3. Plot of RPM vs Torque for Baker-Otis 1265 Motor, using 
Table 3.4.1 Data. Data P o h t s  were Extrapolated to 45, 
68, 88, and 110 Volts on the Basis that W M  is Proportional 
to Motor Voltage; t h i ~  Assumption is Confirmed by Noting 
that Efficiency is only a Weak Function of Voltage. 



3.5 CONTROL SYSTEM 

The c o n t r o l  system, a  2-KW t r a n s f o r m e r l e s s  charger  and a DC 
t o  DC conver te r  f o r  12 v o l t  a u x i l i a r y  power, is i n t e g r a l l y  packaged and 
hinge-mounted w i t h i n  a  me ta l  emasement  (Figure  3.1.5). T o t a l  weight of  
the  system i s  39 lb .  A b lock  d i a g r a n  of  t h e  system is  shown i u  
Figure  3.1.6. 

Power c o n t r o l  i n  both  t h e  d r i v e  and r e g e n e r a t i v e  brake modes 
is  achieved v i a  a  t r a n s i s t o r  chopper w i t h  o p e r a t e s  i n  t h e  pulse-width 
modulation mode. I n  t h e  d r i v e  mode, t h e  chopper o p e r a t e s  conven t iona l ly  
a s  a buck system. I n  t h e  brake mode, c o n t a c t o r s  swi tch  t h e  t r a n s i s t o r  
c i r c u i t  i n t o  a boost  conf igura t ion .  I n  both  modes of  o p e r a t i o n  t h e  
t r a n s i s t o r  chopper o p e r a t e s  a t  a l l  times i n  a c u r r e n t  l i m i t i n g  fash ion ,  
wi th  t h e  a c t u a l  c u r r e n t  l i m i t  be ing p r o p o r t i o n a l  t o  a n  i n p u t  c o n t r o l  
s i g n a l .  This  c o n t r o l  s i g n a l  is der ived  from a n  a c c e l e r a t o r  po ten t iomete r  
and is modified by t h e  mode swi tch ing  c i r c u i t .  

S p e c i f i c s  on t h e  t r a n s i s t o r  chopper a r e  a s  fo l l cws :  

0 T r a n s i s t o r s  ------------- 32 p a r a l l e l e d  10A, 250V TO-3 
u n i t s  

Chopping Frequency ------ 400 Hz 

Cc-rent Limit  (motor DC) -270A 

Current  l i m i t  (peak) ---- 300A 

Current  Limit  Technique--Threshold tu rn -o f f ,  based on 
t r a n s i s t o r  de - sa tu ra t ion  

I n t e r n a l  power requiren'ents f o r  t h e  c o n t r o l  system, such a s  
base d r i v e  power, b i p o l a r  power f o r  the  low-level e l e c t r o n i c s ,  and 
c o n t a c t o r  c o i l  power a r e  provided by a 1000 w a t t ,  DC t o  DC c o w e r t e r  
system. Th i s  conver te r  system a l s o  provides  up t o  350 w a t t s  of 12 v o l t  
DC power f o r  a u x i l i a r y  uses ,  such a s  h e a d l i g h t s ,  wipers ,  and radio .  

A l l  e l e c t r o n i c  components a r e  fo rced  a i r ,  cooled by a 
100 CFM pancake fan. In  t h e  recharge  mode, t h i s  f a n  is relay-switched 
a c r o s s  t h e  l i n e  inpu t  and when t h e  v e h i c l e  is  o p e r a t i n g ,  the  t a n  is 
a c r o s s  the  output  of  a 250 w a t t  i n v e r t e r  ( i n v e r t e r  provides  up t o  
200 w a t t s  of 120 v o l t  60 Hz square-wave power f o r  e x t e r n a l  use ) .  

3.6 DATA ON MOTOR-CQNTROL SYSTEM COMBINATION 

Data was ob ta ined  p r i o r  t o  t h e  v e h i c l e  t e s t s  on the  combi- 
n a t i o n  of  the  1265 motor and t h e  controller. Data was measur-d us ing  
the  technique o u t l i n e d  i n  paragraph 3.4.  

I n  a d d i t i o n  t o  the  e r r o r s  noted i n  paragraph 3.4,  an  e r r o r  
invo lv ing  unmeasured AC energy is e x p e c t e i  he re .  Tn p a r t i c u l a r ,  pu l se  
c u r r e n t s  drawn by t h e  chopper "induce1' a  r i p p l e  v o l t a g e  a c r o s s  t h e  



b a t t e r y .  A s  a r e s u l t  o f  t h i s  r i p p l e  v o l t a g e ,  power measurement e r r o r s  
r e s u l t  when average v o l t a g e  is m u l t i p l i e d  by average c u r r e n t .  From 
a n a l y s i s  of  scope-measured r i p p l e  v o l t a g e s ,  the  wors t  c a s e  e r r o r  i s  
l e s s  than 4 pe rcen t  and,  i n  a l l  c a s e s ,  is such t h a t  t h e  t r u e  b a t t e r y  
power is lower than t h e  apparen t  b a t t e r y  power. It shou ld  be noted 
t h a t  energy measurements conducted a t  Dynamic Science  used instrumen- 
t a t i o n  which i n h e r e n t l y  measured t r u e  power - thus  e l i m i n a t i n g  t h i s  
type of e r r o r .  Data is l i s t e d  i n  Tables  3.6.1 and 3.6.2 and p l o t t e d  
i n  Figures  3.6.1 through 3.6.5. These t a b l e s  and f i g u r e s  can be found 
i n  Appendix I. 

The charger  is a t r a n s f o r m e r l e s s  2-KW u n i t .  S tandard 
115 VAC power is  f i r s t  full-wave r e c t i f i e d ,  boosted by a t r a n s i s t o r  
boost  chopper, and then a p p l i e d  t o  t h e  b a t t e r y .  The chopper du ty  c y c l e  
is  se rvo-con t ro l l ed  t o  provide  a l i n e  c u r r e n t  l i m i t  and a temperature- 
c o r r e c t e d  f i n a l  v o l t a g e  l i m i t .  Over each ha l f -cyc le  of l i n e  v o l t a g e ,  
t h e  chopper du ty  c y c l e  is "modulated" s o  t h a t  t h e  ins tan taneous  l i n e  
c u r r e n t  is p r o p o r t i o n a t e  t o  t h e  ins tan taneous  l i n e  v o l t a g e ,  t h u s  
e i f e c  t i n g  a " s y n t h e t i c  power f a c t o r "  which is n e a r  un i ty .  Measurements 
made by t h e  manufacturer  i n d i c a t e  t h a t  t h e  charger  energy e f f i c i e n c y ,  
averaged over  an e n t i r e  recharge  c y c l e ,  is about  95 pe rcen t ,  whi le  t h e  
power f a c t o r  - a t  t h e  ful!. power p o i n t ,  is a l s o  about 95 pe rcen t .  The 
charger  is packed wi th  t h e  motor c o n t r o l l e r  and weighs approximately 
6 pounds. 

3.8 INSTRUMENT PANEL 

The ins t rument  pane l  c o n t a i n s  mete r s  f o r  moniror ing b a t t e r y  
and motor v o l t a g e s  and c u r r e n t s ,  cha rger  c u r r e n t ,  r e g e n e r a t i v e  braking 
c u r r e n t s ,  chopper base  c u r r e n t s ,  and a u x i l i a r y  load c u r r e n t s  (Fig- 
u r e  3.1.7). 

The ins t rument  p e a e l  a l s o  c o n t a i n s  i n d i c a t o r  l i q h t s  (which 
s i g n a l  nominal o r  f a u l t y  opora t ion  of  t h t  c o n t r o l  sys tem),  a 12-volt  
a u x i l i a r y  power o u t l e t ,  and c o n t r o l s  f o r  a 50-KVA SCR b a t t e r y  charger  
which can be mounted above t h e  t r a c t i o n  motor. 

A tachometer is dash-mounted i n  t h e  s t a n d a r d  l o c a t i o n .  The 
s i g n a l  i n p u t  f o r  t h e  tachometer is generated by a n  LED-photo t r a n s i s t o r  
system which is i n t e g r a t e d  w i t h  t h e  back end of t h e  inotor s h a f t .  

Mounted d i r e c t l y  below t h e  tachometer,  and hidden from t h e  
view of  Figure 3.1.7, is a d i g i t a l  c u r r e n t  i n t e g r a t o r  which reads  
Amp-Hours charged and Amp-Hours d ischarged on s e p a r a t e  e l e c t r o -  
mechanical c o u n t e r s .  The c a r r e n t  i n t e g r a t o r  w i l l  be d i scussed  more 
f u l l y  i n  paragraph 4.2.2. 



ADDITIONAL CHARACTERISTICS 

Vehicle 

Overall length 

Overall width 

Overall height 

Capacity 

Road clearance 

Curb weight 

150.8 in (383 cm) 

58.9 in (150 cm) 

54.7 in (140 cm) 

4 passengers 

6.7 in (17 cm) 

2950 lbs (1348 kg) for EV-106 
battery set 

3030 lbs (1385 kg) for LEV-115 
battery set 

3.9.1.7 Gross vehicle weight 3550 lbs (1622 kg) for EV-106 
battery set 

Transmission 

Type 

Ratios 

First 

Second 

Third 

Faurt h 

Reverse 

Rear axle 

Type 

Ratio 

Wheels 

Hubs 

3630 lbs (1659 kg) for LEV-115 
battery set 

Datsun F14W56, Warner-type 
synchromesh 

Seni-floating hyploid 

3.90 (39110) 

Datsun 510 hubs used in place of 
1200 hubs 



T i r e s  165SR13 Goodyear r a d i a l s  

T i r e  pressures  30 p s i  f ron t ,  40 p s i  r e a r  

Wheel base 90.6 i n  (230 cm) 

Track, f r o n t  48.8 i n  (124 cm) 

Track, r e a r  49.0 i n  (124. 5 cm) 

Roll ing d i s t ance  ?er  5.99 f t  (1,823 m) 
revolu t ion  

Previous s e r v i c e  

A t  t he  time of these  t e s t s ,  t he  veh ic l e  had been i n  opera t ion  
for approximately two and one ha l f  yea& and had accumulated about 
26,000 miles. 



Sect ion 4 

INSTRUMENTATION 

4.1 GENERAL DESCRIPTION 

The instrumentat ion used f o r  t he  tests performed on the  
Ripp-Electric a t  t h e  Dynamic Science Test  Track i n  Phoenix, Arizona, 
cons.isted of t h r ee  major blocks. 

4.1.1 Vehicle I n s t m e n t a t i o n  Equipment (Figure 4.1.1) 

This equipment consisted of sensors ,  i n t e r f a c e s ,  d i sp lays ,  
and recording apparatus  f o r  handling the  following c l a s s e s  of da ta :  

a Speed and d i s t ance  

i,,stantaneous vo l tages  and cu r r en t s  

e Battery amp-hours, charged and discharged 

0 Energy measurements 

4.1.2 Data Reading and Processing Equipment 

This equipment consis ted of a Datcl  Casse t te  Tape Reader and 
a PDP-3108 Computer. Together, these systems provided t h e  capab i l i t y  of 
general ized processing; outputs  i n  t h e  fcrm of t abu la r  and graphica l  
d i sp lays  were generated by t h e  computer. 

4.1.3 Cal ibra t ion  Instrumentation. 

The c a l i b r a t i o n  instrumentat ion used i n  the  course of t h e  
tests consis ted of a "F i f th  Wheel Spinner," a 4-112 d i g i t  DVM, and a 
w r i s t  watch. 





4.2 VEHICLE INSTRUMENTATION (Figure 4.1.1) 

The vehicle instrumentation may be viewed as four separate 
blocks. 

4.2.1 Fifth Wheel and Associated Components 

All speed and distance information was derived from a 
Nucleus Corporation, NC-5 Fifth Wheel equipped with a distance totalizer. 

Speed signals were generated by an electromechanical tach- 
generator, directly coupled to the Fifth Wheel shaft. This signal was 
applied simultaneously to three points of use: 

Weston Model 901 Meter calibrated in mph 

a Hewlett Packard 7100 B Strip-Chart Recorder 
(15701 A amplifiers) 

a Channel 9 input of the Date1 LPS-16 Data Logger 

The Weston Meter, which connected directly across the tach- 
generator, served as a precision speedometer. Its use was limited 
to constant speed driving; it was also used as a backup for the 
Strip-Chart Recorder. 

The Hewlett Packard Strip-Chart Recorder was connected 
across the tach-generator, but was a low-pass filter in series (100 uF 
electrolytic capacitor and 2700 ohm resistor). The filter was required 
to attenuate "hash" produced by the tach-generator . The S trip-Chart 
system was used to record all speed-time information - this included 
constant speed tests, driving cycle tests, acceleration tests, and coast- 
down tests. In the case of the driving cycle tests, Strip-Charts were 
used which contained pre-recorded, computer-generated speed-time profiles 
of the appropriate schedules. In this way the Strip-Chart apparatus 
served the dual purpose of indicating to the driver ++v bsired speed, 
while recording the actual speed - at each instant ' 

.a (see pars- 
graph 4.2.1. 1 for details of pre-recording of Str- . . 

4) .  

Distance information was derived from an optical encoder 
which is directly coupled to the Fifth Wheel shaft. This signal was 
applied to an electronic unit which displaye? distance traveled in feet. 

Finally, the Fifth W.c .l speed sisnal b ~ p p l i *  . 
channel 9 of the Datel LPS-16 D3td Logger via a tvro-slecr,~- z-pass 
filter (1 pF capacitors, 10 K res!.stors). Eere too, :t. r ?as 
required to eliminate commutator "hash". The Data Log; -ad this 
speed signal once every 3.2 seconds to 12-bit accuracy : Lespon+:ing 
speed error is 20.02 m?h). 



The e1ectroni.c d i sp l ay  included a g a t e  c i r c u i t  which enabled d i s t ance  
counting t o  s t a r t  and s top  upon the  c losure  and opening of .-n e x t e r n a l  
c i r c u i t .  B.1 taking advantage of t h i s  f ea tu re ,  i t  was possib1.e t o  
db ta in  corresponding measures f q r  Amp-Hours, Watt-Hours, and d i s t ance  
assoc ia ted  with a given t e s t .  This t e c  .dque proked e s s e n t i a l  i n  t he  
weight s e n s i t i v i t y  t e s t s  ( see  paragraph 5.2.2.2). 

4.2.1.1 Strip-Chart Pre-recorded Driving Cycles 

A complete program operat ing i n  a real-t ime opera t ing  system 
environment on JPLts  Ab tma t i c  Charge/Discharge Cont ro l le r  end Data 
Processing System (ACDCDPS) ge~ le ra t e s  a voltage-*ime funct lon such t h  .t 
an HP 7100 S t r i p  Chart Recorder measuring t h i s  vo l tage  produce- a cha r t  
recorded wlth t h e  s e l ec t ed  d r i v i ~ g  cyc le  of SAE Test  Procedure J227a. 
Driving cyc le  cha r t r  " ' 4 - 1  - ~ r d e d  by the  above method were used a t  t h e  

' h test track. 

The program cont ro ls  the  output r e s i s t a n c e  of a HP 69501A 
card located i n  a HP 6904B Mul.tl?rogrammer (Dig i ta l  110 Subsystem) 
within t he  ACDCDPS. The s t r i p  chart recorder  measures t he  vo l tage  drop 
across  t h l s  output r e su l t i ng  f r c s  a constant  cur ren t  a t  a~proximat ,e ly  
0.8 x 10-7 amps. Values may be ehcered during program run t i m e  t o  
cont ro l  t h e  shape of t h e  L U ~ V ~  generated o r  ex i s t i ng  programs may be  
se lec ted  which automatical ly  "coostruct" p r o f i l e s  f o r  Schedules B, C, 
o r  D. 

4.2.2 ChargeIDischarge Current In t eg ra to r  

Bat tery charge and d i s c h x g e  Amp-Hours were recorded by a 
spec i a l l y  b u i l t  instrument.  Two four -d ig i t  e1ectromechan:ical counters  
provide .rparate d i sp l ays  of Amp-Hours charged and Amp-Hmrs discbaxged. 
Resolution of 0.01 Amp-Hour and t y p i c a l  accuracies  a r e  a b w t  1%. 

The Char~eIDiecharge Current In t eg ra to r  ba s i ca l l y  c o n s i s t s  
of two voltage-to-frequency converters ,  d r i v e r  c i r c u i t s  f o r  e lec t ro-  
mechanical coup ters, and a housekeeping power supply (Figure 4.2.1) . 
Design is srxh t h a t  one converter  generates  a frequency pro?or t iona te  t o  
pos i t i ve  r'..~put vo l tages  while the  other  converter  responds t o  negat ive 
input vu1,~ages.  Scale f a c t o r s  were chosen s o  t h a t  counters increment 
one d i g i t  when 0.31 Am~-H3ur flows through a 50-MV, 300A input shunt.  

Voltage-to-frequency conversion is  achieved v i a  elements U1, 
U2, U3, C,R, and Q. U1, i n  conjunction with R and C ,  generates  a vo l tage  
ramp, the  s lope  of which i s  proport ionate  t o  the  input vol tage.  When 
the  output of U1 reaches the  va lue  of t he  re fe rence  vol tage appl ied t o  
comparator U2, t he  output of U2 swings pos i t i ve ,  thus causing one-shot 
U5 t o  generate  a sho r t  pulse.  This pulse ,  i n  turn,  places  Q in conduc- 
t i c n ,  thus r e s e t t i n g  C. i h s  U3 pulse  i a  widened by U4 so  tha; an ade- 
quate s igna l  f o r  d r iv ing  the  corresponding coanter  is  provided. 



Precision comi ments are used for U1, R, C, and the reference 
voltaqes. Calibratioa a ~ -  tments include scale isctor and zero offset. 

In operation, the ChargelDischarge Current Integrato. 
remains connected with a calibrated 50-,V,  300A shunt which is in - d.es 
with the vehicle battery. The Current Integrator operates both during 
recharge and driving. During driving, input AC power is derivad from a 
60-Hz inverter which is part of the vehic,le's control system. 

4 . 2 . 3  AC Watt-Hours Yeter 

AC recharge energ.. was recorded by a standard single-phase 
115-VAC, 60-Hz, 2-KW watt-hur meier. It should be noted that while 
this class of watt-hour meter inherently.reads true energy, and not 
apparent energy, the accuracy of such measurements is degraded.by non 
sinusoidal currents. In the case, of the Ripp-Electric Charger, the full- 
lcad power factor exceeds go%, and current total harmonic di~tortion is 
less than 20%. Ac:o-L-"ngly, accuiacy degradations due to wave-shape 
and power factor should be of little concern. 

All aadings were incerpolated to the vsrest tenth hWH. 

4.2.4 Voltage, Current, Energy, and Temperature Data Acqcisitinn 

Motor and battery voltages, curre--ts, and true energies in 
addition to temperatures were sensed and recorded by speciall- designed 
eq~lipment (Figure 4.1.1). This poition of the total system may be 
,divided into threa sections: 

(1) Sensois - These include Hal! Effect Current Senaozs 
wbic5 sensed motor and battery currents, and 
thennistcrs. which sensed ambient, motor, and batt~ry 
temperatures. 

Interfaces - These include isolati;.? amplifiers which 
electrically isolated the instrumentation from rhe 
vehicle electrical environment, a digitpl integrator 
corxected bclween the  ene erg.^ Counter" and the Data 
Recorder which provided an analog signal proportionate 
to "elapsed energy", a reference supply which provided 
both power for the thenistors and a calibrati~n 
~oltage for the Data Recorder, arid low-paes filters 
whish filter ?ut the AC components of choppkd 
wevef oms. 

( 3 )  L:..;uring Instruments - These included a four-,.hannsl 
digital energy recorder ("Energy Countdr") which 
"kept accountt' of battery reqhnrge and discharge 
energy, energy to the motor, and energy from the motor, 
and a 16-channel tape recorder which recorded analog 
data from the interfaces. 
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Additjl~nal circuitry, not shown in Figure 4.1.1 includes the 

Battery - a rechargeable lead-acid battery was uaed to 
power the circuitry of Figure 4.1.1 (except for the 
Current Integrator). This scrpa battery also provided 
pomr for the Strip-Chart recorder via an inverter. 

DC-to-DC Converter - A Stevens Arnold DC-to-DC 
converter was used to convert battery power into 
regulated bipolar power for the current sensors, the 
isolation amplifiers and the data recorder. 

Crystal Clock - A precision 5.003-Hz signal was 
generated by a crystal oscillator and count-down 
circ~its; this signal regulated the sample rate of the 
data recorder and served as an intremental time base. 

4.2.4.1 Energy Counter. The function of the Energy Counter was to 
measure energy flow to an, from the battery, and to and from the motor. 
Originally ii-was felt that this task could- be accomplished at the 
 oftw war^ level simply by multiplying recorded voltage, current, and 
time values. Upon quantitatively considsring the errors inherent in 
this method, it was decided to use a "mathematically correct" approach. 
The result was JPL's development of the Energy Counter system and its 
effective use for capturing energy data during the Dynamic Science 
Tests. 

Its concept of operation is straightfarward. Input signals 
which are proportionate to voltage and current are nultiplied 
by a four-quadrant multiplier. The resulting "trur power" signal is 
then uaed to drive a voltage-to-frequency convertzr. At this point, 
frequency is proportionate to the true power, and phase or cycle number 
is proportionate to true energy. A counter connected to the converter 
output (with necessary interfaces) will therefore generate a count 
increment proportionate to the increment of true energy. 

A block diagram of the system is shown in Figure 4.2.2. 
Added complexity results from the requirement that separate account be 
made of "forward flow" and "reverse flow" energy. To achieve this, an 
absolute valve circuit connects between the multiplier and the 
"V-to-F" converter, aud a gate ckcuit is used to steer the converter 
output to the appropriate counter circuit. 

A standard DC-to-DC converter is used to supply the internal 
power requirements (regulated 15 volts bipolar). 

4.2.4.2 Digital Integrator. The function of the four channel 
"Digital Integrator" was to generate analog signals which correspond to 
each of the four Energy Counter readings. 



The scheme depicted in Figure 4.2.3 was arrived at as the 
m s t  easily effected, yet most accurate means of achieving this require- 
ment. Each integrator input receiver a pulse for each increment of the 
corresponding energy Counter Channel. Action of the Ripple Counter, the 
resistor netuprk, and associated components is such that the integrator 
output increments 19.53 'L(V for each pulse; af tc!r 4.980 volts ir reached, 
the output resets to zero with the next input pulse. Each of the four 
integrator outputs connected to a recording channel. Energy increments 
associated with each channel were determhed at the data process level 
by notilrg the difference in channel values and the number of cycles 
associated with given intervals uf measurement. 

4 . 2 . 4 . 3  Data Recorder. A Date1 LPS-16 Data Logger System was used 
to record signals corresponding to voltage, current, energy, temperature, 
and vehicle speed. The system includes an input multiplexer, a 12-bit 
A-to-'3 converter, a fonnatter, and an incremental write-only digital 
tape transport. 

The system offers moderate flexibility - in that the sample 
rate is externally controlled, single quadrant, or bipolar input signals 
may be used, sequential or randm sampling of the inputs is possible, 
and file gaps of various lengths are also possible. As presently con- 
figured, the system constants include: 

Sample rate of five channels per second. The channel advance 
signal is generated by a precision crystal clock and is 
accurate to within 0.1: (Five charnels per second is the upper 
limit of the LPS-16). 

Sequential sample order. A scheme was devised to enable 
random sampling whereby desired channels could be skipped and 
differing sample rates assigned to various channels. This 
capability was not utilized during the Dynamic Science Tests, 
due to technical uncertainties. 

A-to-D converter configured to accept only Single Quadrant 
voltages - in the range of 0.000 to 5.000 volts, (In the 
case of regenerative braking currents, negative signals are 
recorded by using op-amp inverters and extra channels.) 

Fonatter configured so chat a File Cap occurs after every 
64 words. 

One circuit board modification on the LPS-16 multiplexer 
circuit was required. Originally, the input impedances were about 
201: ohms, except during the sample interval, when the impel!ances momen- 
tarily rose to about 100 megohms. The nominally low input impedances 
proved unacceptable in terms of interface problems. Accordingly, a 
modification was implemented which enabled high input impedances - for 
all channels at all times. The fix consisted of disconnecting an 
internal "pulb; mcde" power supply which provided bipolar power to the 
multiplexer and other analog circuitry - and in its place, connecting to 
an external DC-to-CC converter which powered the current sensors and 
other peripheral circuits. 
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Figure 4.2.3. Digital Integrator (one of four channels). Output 
increments '19.53 KV for each input pulse. After 
257th increment above zero, output reaches 4.980V; 
with next increment, output resets to zero. 
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OUTPUT 



4.3 DATA W I N G  AND PROCESSING 

4.3.1 Data Acquiritioa Softmre 

The purpore of the data acquiritlon program (called EVHTF 
or EF) ir to accept the data from the carretter .od store them on dirk 
for rudy reference by the computer. The main program ir written in 
FORTRAN language. A special HACRO araembly language module or rub- 
program (called EtnrrPI or EM) war written which enabler the FORTRAN 
program to camunicate with the Datel reader. The capabilitier of both 
programs are given below. 

4.3.1.1 Macro Assembly Nodule 

Coamunication between the Datel reader and the computer is 
done hareware-wise through the interface card. However, the hexadecimal 
ASCII data from the reader m s t  be converted into an octal binary 
digital format acceptable by the FORTRAN program. In addition, the 
incoming data must be screened from noise and faulty data. The assembly 
language EM program accompliehes these tasks. 

Once control is transferred to the EM program from the main 
E7 driver, the following sequence of operation is taken. 

the return address is saved for later transfer of data 
to EF. 

various registers (memory locations) are cleared or 
preset. 

the first six ASCII characters are received and 
temporarily stored in a buffer. 

a descrimination routine will validate the characters 
in the buffer to conform to a data code followed by 
a channel identification code. If the format is 
correct, advance to the next step. If not, then 
accept an additional character and re-evaluate until 
valid data is obtained. 

convert the ASCII code to a binary number. 

convert the hexadecimal number to an octal number. 

increment the software counter for the number of data 
points or entries recorded. 

evaluate and count the number of data points rejected 
or missing. 

incremant the software counter for recording the 
elapsed time. 



(10) t r ans fe r  the channel, da ta ,  and time r e s u l t s  t o  EF. 

(11) r e tu rn  con t ro l  t o  t h e  EF program. 

The above sequence occurs t yp i ca l l y  i n  l e s s  than 1 msec. 
Plenty of t i m e  is ava i l ab l e  t o  the EF program t o  record t h e  d a t a  point  
and r e tu rn  f o r  more da t a  without any loss. A t  t he  nigh communication 
speed of 9600 baud, a f u l l y  recorded c a s s e t t e  (about 4 hours of da ta )  
was playzd back i n  about 15 minutes, 

One add i t i ona l  f ea tu re  of t he  Elf module i e  a time-out 
counter. I f  no da ta  is being r e c e i v ~ d ,  t he  operator  is warned by a 
r inging bei.1. I f  no ac t i on  i s  taken wi th in  15 sacs ,  i t  is asrumed 
tha t  no more da ta  is t o  be read and the  program terminates  automatically.  
The l a t t e r  i s  a l s o  usefu l  when the  operator  is temporarily out of t he  
room- 

4.3.1.2 Fortran Mail1 Driver 

Operator con t ro l  during the  da t a  acqu i s i tL f i  phase is 
afforded by the  FORTRAN main d r i v e r  program (EF). The EF program con- 
sists roughly of 600 l i n e s  of code and accomplishes s eve ra l  tasks .  
These modes of operat ion are:  

(1) accept o r  read da ta  from the  Date1 reader  v i a  the  
EM module, 

(2 )  t abu la t e  the  unprocessed o c t a l  da t a  on t h e  p r i n t e r ,  

(3) convert the  da ta  t o  engineering u n i t s  an3 p r i n t  them, 

(4) save a l l  of t he  received da t a  i n  mass d i s k  s torage ,  
and 

(5) save only se lec ted  port ions of the  da t a  i n  a F3RTRAN 
c a l l a b l e  da t a  f i l e .  

Several spec i a l  f ea tu re s  have been incorporated i n  the  
program. During the reading phase (mode "R") the  da ta  i n  s eve ra l  
channels a r e  accumulated. Integrated r e s u l t s  such a s  the  t o r e l  number 
of da t a  points  recorded, nean vehic le  ve loc i ty ,  hours i n  motion, t o t a l  
KIJH energy expended, e tc . ,  a r e  displayed a t  the  conclusion of t h e  
reading cycle  (Fig. 4.3.1). The reading mode allows one to  accumulate 
only a spec i f i c  number of da t a  points ,  o r  a l l  the  da t a  po in ts  incluaing 
those from d i f f e r e n t  ca s se t t e s .  Some of the  performance t e s t s  a r e  
lengthy such tha t  more than one c a s s e t t e  is used t o  record the  da ta .  

A t h i r d  fea ture  of the program is the  i n t e r a c t i v e  communica- 
t i o n  with the operator.  Figure 4.3.2 shows a t yp i ca l  l i s t i n g  of a 
reading cycle  with EFW. EFW is  a modified vers ion of the  general  EF 
program, Several quest ions a r e  asked throughout t he  program execution. 
I f  no answer is given ( i . e . ,  i f  only t he  ca r r i age  r e tu rn  key is  typed),  
then defau l t  answeres a r e  assumed. For example, i n  Fig. 4.3.2 no en t ry  



was made a f t e r  t he  f i r s t  MODE? message. The program automatically 
p r i n t s  the po r r ib l e  coder t h a t  may be m t e r e d ,  and a r k s  once more what 
mode of operat ion it rhould en ter .  Another de fau l t  anawer i r  aerumed 
a f t e r  the  NO. PTS? quart ion which 611 read a l l  of t he  d a t a  from the  
cassette, The ac tua l  reading w i l l  not begin u n t i l  the operator  con- 
f i rms that the  c a r r a t t e  is ready f o r  p r o c e s r i n ~ .  F ina l ly ,  s t a t u s  
messager a r e  pr inted ruch a r  t he  ind ica t ion  t h a t  da t a  war r tored  i n t o  
a second £ ? l e e  The l a t t e r  occurs only when the  o r i g i n a l  f i l e  is f i l l e d  
t o  capaci ty and da t a  is r t i l l  flowing in.  

Sample output of t he  pr in tout  d e  of operat ion a r e  shown 
i n  Figs. 4.3.3 and 4.3.4. The former (mode '1') l is t r  requent ia l ly  
across  the  page the  o r i g i n a l  da t a  and channel numbers i n  t h e  in t ege r  
format a f t e r  o c t a l  t o  d i g i t a l  conversion. The latter pr in tout  (mode 'DY)  
performs revera l  operat ions p r io r  t o  pr in t ing ,  such as: 

(1) convert the  da t a  t o  engineering un i t s ,  

(2) ca l cu la t e  t he  recorder tlme f o r  each da t a  point ,  

(3)  s o r t  t he  d a t a  i n t o  columns corresponding t o  channels, 

( 4 )  p r i n t  a mnemonic l a b e l  t o  i d e n t i f y  t he  channel 

(5) p r i n t  the  da t a  with the  time. Since the  c a s s e t t e  
recording is organized i n  biol:ks, f i l e  gaps a r e  
produced. The pr in tout  d i sp lays  a s t e r i s k s  f o r  the  
da t a  t h a t  was missed durinz a f i l e  gap. 

The mass s torage  mode is used t o  save a l l  t he  rough da t a  on 
d i s k  ca r t r i dges  (mode 'MI). The operator  ass igns  a f i l e  name which 
i d e n t i f i e s  the  data.  The inherent  advantage of mass s torage  is t h a t  
the  da t a  may be r e t r i eved  by EF much f a s t e r  from a FORTRAN c a l l a b l e  
d i sk  f i l e  than from the  c a s r e t t e  reader.  

F ina l ly ,  t he  EF program allows one t o  s e l e c t i v e l y  save only 
t h a t  da ta  which is  necessary (mode ' S f ) .  A s p e c i a l  rou t ine  was wr i t t en  
which is  s imi l a r  t o  an EDITOR program. I n i t i a l l y ,  i n s t ruc t ions  a r e  
given t o  specify the  f i l e  name i n t o  which da t a  s h a l l  be s tored ,  and 
which channels s h a l l  be considered. 

Then, simple comamnds a r e  used t o  scan through the  rough 
da t a  i n  increments of a l i n e  equivalent t o  t he  I'D" mode pr in tout .  
Another command i s  used t o  s t o r e  the  da t a  Erom the  predefined channels 
f o r  a given number of l i n e s  of data.  The commands ava i l ab l e  at ' t he  
time of t h i s  repor t  are:  

B = Jump t o  the  beginning of the  da t a  

nA = Advance n l i n e s  of da t a  (n may be negative t o  
backspace l i n e s )  



L = List on the terminal the current line of data 

zS = Store the nexr n lines of data 

N - Advance to the next set of storage 

T = Terminate thia mode of selective storage. 

The information saved with the above mode is stored as 
floating point numbers, in engineering units, in a direct access 
formatted FORTRAN file. That is, the data is ntared in the form of 
fixed arrays which are accessible to any other FORTRAN-written program. 
Up to 13 parameters or channels may be recorded simultaneously in sets 
of up to 40 entries each. A set, for example, may contain all the data 
points pertaining to oce driving cycle. Any number (up to 32767) of 
sets may be recorded in one file. Each set is directly accessible by 
an index or record number. That is, one needs not sequentially step 
through the file until the desired set is found. By convention, 
parameter No. 1 is used to automatically store the recorder time, 
parameters No. 2e.10 are fillsd with desired data, and parameters 
No. 11-13 are reserved for coaputed data. The use of this array-type 
storage is shown later with the description of the ED data analysis 
program. 

4.3.2 Data Analysis Software 

9nce the data has been selected and stored in a general 
accessible file, a number of analysis programs are written. Different 
vehicle tests, for example, require different types of analysis and, 
theref ore, dif f erent programs. for the current project, four basic 
tests were evaluated: 

1 vehicle performatce at constant speeds of 25, 35, 45, 
and maximum wiI 

(2) performance durlng acceleration 

(3) coastdswn; and 

(4) performance during schedule B and C of the federal 
driving cycle of idle, accslcration, cruisisg, coast- 
down, and braking. Three analysis programs are 
briefly ogtlined below: acceleration test performance, 
curve fitting with least squares app*oximation, and a 
general purpose analysis program. 

4.3.2.1 Polynominai Curve Fitt,ing 

One goal in analyzing performance data is to be able to 
relate the behavior or shape of the data to physical parameters. The 
coefficients of a polynomial equation, for example, arc related to such 
phenomena as vehicle drag, wheel slippage, etc. The PEF program was 
written to call a least squares fit subprogram and to evaluate the best 
polynomial that would fit a given szt of dcta. 



Inherent capabilities program~led into the PEF package 
include : 

(1) mathematically accurate determinatian of the :east 
squares value, 

( 2 )  ability to specify the degree of the polynomisl. to 
be used, 

(3)  ability to choose the degree that will give the best 
fit, 

( 4 )  ability to fit only a specified portion of the data, 

( 5 )  calculate and print the resulting coefficients and 
standard dev'ation, 

( 6 )  if more than one function is used, determine their 
common point of intersection, and 

(7) plot the calculated fit superimposed on the rough 
data. 

4.3.2.2 General Purpose Program 

Compatible with the data file generated by the EF program, 
a general purpose data analyqis program called ED was developed. The 
main concept of FD is to recall from didk storage several sets of data 
(up to 10) into core memGry, The selected data can then be readily 
modified or otherwise operated on. Thirteen different modes of opera- 
tion have Seen programmed at the time of this report, A description 
of these is given below. 

Subroutines to sort the data in increasing order. to select 
appropriate points to plot, etc. are used extensively throughout the 
program. Qne particular subroutine proved to be ,..articularly helpful in 
visualizing the pattern of rough data. A two-dimensional three-point 
averaging algorithm was developed to filter the high frequency noise. 
Given three sequential points A, B, and C, an average value was 
calculated which replaced the center point (B): 

All data points are eventually replaced with a new value 
by applying the above equation. 

Averaging is done for both the abscissa and ordinate 
elements of a point. This filtering algorithm can be iterated several 
times thus yielding a smooth line which truly represents the data. 
Figures 4.3.5 and 4.3.6 are typical samples with seven iterations of the 
above algorithm. The latter also shows the driver's driving pattern 
during a schedule-C cycle test. 



1. Data Fetch 

The flrst mode of operation of the ED program allows 
one to retrieve certain sets of data from a named file on disk. The 
latter file was generated by mode "S" of the EF program. The ED program 
will set-up a pointer reference cable so that the aperator need not 
renumber his parameters and eats, Also, the program associates a 
certain default type of data to each parameter. For example, the EDD 
version of the program assumes parameter No. 1 to be recorder time, 
parameter No. 2 to be vehicle velocity at the t h e  coordinates of No. 1, 
parameter No. 3 to include battery voltage data, etc. The fetch mode 
is entered automatically when the program is flrst called. 

2. Data Save 

The information which was fetched into core memory by 
mode 1 may be modified by subsequent modes. Mode 2 ~lllows one to save 
these modifications into the same storage data file as above. 

3. Data Modification 

Mode 3 allows the user to change the numerical value 
of any entry pr2sent in core. For example, missing data may be inter- 
polated or individual noise glitches may be removed. 

3if ferent analysts of ten require dif f erect mathemati- 
cal operations. Mode 4 ollowe the user to execute a particular pre- 
programmed formula tailored to his needs such as calculating grade 
ability. Several such functions can be iacorporated in a singie version 
of the ED program. 

5. Two-parameter Plot 

Probably the m w t  widely-used node of operation is 
that of plotting any two parameters To minimize operator input such as 
parameter description, upper and lower limits of data, number of Eilter- 
ing iterations to be performed, etc., certain default conditions are 
assumed. These may be changed with mode 6. 

6. Default Operations Table 

A number of details are assumed by the program. Some 
of these may be changed at the operator's terminal during program 
execution, The default conditions which may be intercepted include the 

a) use of automatic or fixed scaling to draw a plot 
(if fixed some upper and lower limits must be 
entered) ; 



b) method of piotting the data such as with 
individual asterisks, with a line through the 
points, or with superposition of the filtered 
data; and 

c) specification of the number of iterations for 
the filtering algorithm. 

7. Pzint Data 

The contents of the data arrays currently uscd in core 
memory may be printed with mode 7. This ability is particularly usefu? 
in interpreting or troubleshooting resulting plots. A sample of the 
printout is shown in Fig. 4.3.7 .  The array printed on the top left 
corner is the pointer reference table mentioned earlier. Column 
numeracion refer to the parameter number. 

8. Normalized Time 

The recorder time stored as parameter No. 1 is never 
reset during a performance test, however one test may contain several 
runs or ,v:les. Mode 8 allows one to normalize the time for each set of 
data t2a;erel. A given set would include all the data entries for a 
part:-ci.t.ir run or cycle. Since the first measurement sampled by the 
portable data logger may not be at time zero of the run, a llnear inter- 
polation is done on the time/velocity data. All data sets are normal- 
ized to the true time zero, and saved a parameter No. 13. 

The advantages of time-normalized data include: 

1) correction for time lag between sampling by the data 
lcgger , 

2 )  superposition of diffzren~ runs of data for averaging 
and/or plotting. 

9. Program Terr. inat ion 

Computer generated files must be properly opened and 
closed. Mode 9 will exit the projiram correctly according to system 
specifications. Program termination also occurs at the conclusion of 
drawing a plot. 

10. Curve Fitting 

Similar to the PEF program described earlier, mode 10 
enables the user to perform a least squares fit of the data up to a 
sixth degree polynomials. Both the coefficients and the fitted data 
are printed and plotted. 



11. Data Intergration 

Any given parameter may be integrated within a set. 
Parameter No. 7, for example, was used to record the watt-hours (W-H) 
from the vehicle's battery. Integration thereof yields an increasiug 
function which can be readily plotted and easily interpreted. 
Figure 4.3.8 shows such a graph plotted versus velocity. 

12. Data Interpolation 

It is sometimes desirable to plot a parameter not 
against time, but versus some other 2arameter such as velocity 
(Fig. 4.3.8). Measurements, however, were sampled sequentially in time. 
A current measurement, for example, does not coincide in time with a 
velocity measurement. Time offsets are i hcrements of 0.2 secs/ 
channel. Mode 12 will generate a new set of velocity values which are 
time-corrected to the parametzr of interest. Conventional storage of 
the new values are done as parameter No. 12. The time correction is 
accomplished by linear interpolation of the velocity/normalized time 
data. 

13. Metric Conversion 

A special routine has been incorporated in the ED 
progrm to convert data to its metric equivalent units. Vel ocfty, for 
example, is expressed in &/hr while acceleration is calculated in 
Kmlhr sec. 

Finally, one additional command is a-ailable to the 
operator to abort the program in the middle of a run. Two control-C 
characters must be typed in sequence at the keyboard. Computer 
control is then given to the MONITOR which allows one to restart a 
user or system program. 



E V H T DATA STATISTICS FOR TEST RU::: +S 25hJH 

RNGLYS IS DG'fE: 16-J1Ji-f-77 
31111. F'iS SECRD, 368 PTS 2EJCT3 
TOTAL ELAPSED T I E :  1.75 H2S 

CAR-IN-rOTiON HRS J 

E R N  VELOCi TY ( W H )  = 
RPPROX. MILAGE = 

P E R M  t'iiT. VOLTS = 
tlCT. RIt0-HRS = 
EON e m  VCLT = 
BRTT RYS-i!RS = 
REGEN GRTi '  A!?-HES = 

FROM mT. K-W-H = 
TO KIT. K-W-H 
FRCM B R 7 T  K-W-H 
TO B A S T  K-Li-t! 
REGEN B A T T  K-W-H 

Figure 4 . 3 . 1 .  Sample of Preliminary Dzita Analysis aL the 
Conclusion of Accepting Data into the 
Computer from the Cassettes. Results of 
a 25-MPH Constant Speed Range Test are Shown. 



a R EFW 

EVHTF -31-JUt-77 
OPERATE ON DATA FROM DATEL OR PrASS STORAGE? W K  
D - 
ID CODE C36 LETT): 
V22 CALI E-VTf ON TEST Rb74 1 7- APR- 77 

R - READ DATA FROM DATUI 
D OtMP DATA CEIJ G @N G L'NI TS)  
S .I STORE DATA FOR 'ANALY SI S 
I INTEGER DATA EUMP 
E a EXIT PROGWY 
MO DE? 
E - 
NO* PTS? 

PAUSE -- CST RM? c C B  

ADD1 TI ON At DATA RGkD IN TO FM 2. ?AT 
MOW. DATA ? CY I N )  
N - 
!I8687 PTS R E C R b  16 19 PTS R53 t T l i  
MO DE? 
E - 
STOP -- 

Figure 4 . 3 . 2 .  shnplc Output from an Operator's Terminal during 
Lxecution of the EF Data Acquisition Software 
Program. Undezline Messages are the User's Input. 
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CRLIBRTN. TEST DQTQ RIPP-6LECT2IC VEHICLE 
JPL:HC;7/77 

Figure! 4 ' 3 . 5 .  Effect of the Fi l ter ing  Algorithm on Vehicle Performance 
Data. D i p s  i n  the Current Correspond to Gear Shift ing 



CQLIBRTN. TEST DRTQ RIPP-ELECTRIC VEHICLE 
JPL:HC:7/77 

Figure 4 . 3 . 6 .  Schedule "c" Driving Cycle Plot for the Data of Figure 4-4 

4-24 
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QCCELETN. TEST DQTR F I Q T  ELECTRIC VEHICLE 
JPL:HCa7/77 

Figure 4.3.8. Sample Display of an Integrated Parameter 
Energy Consumption 



4.4 SCALE FACTORS 

The following scale factors were wed for sensors, inter- 
faces, and measuring instruments. 

4.4.1 Sensors 

4,4.1.1 Current Sensors (Battery and Motor Current). 

Manufacturer ------------ American Aerospace Controls, Inc. 

Scale Factor ------------ 0.01667 VIA for -300A < I < 300A 

4.4.1.2 Battery Shunt (for Current Integrator). 

Manufacturer ------------ Janco, Inc. 
Scale Factor ------------ 0.0001667 VIA for -300A < I < 300A 

4.4.1.3 Thermistors (Ambient, Battery, Piotor Temp). 

Manufacturer ------------ Fenwall 

Temperature 
Equation T = 

3887 for T in O K  

enR+5*436 andRinohms 

4.4.1.4 Fifth Wheel (Tachometer Output) 

Manufacturer ------------ Nucleus Corporation 

Scale Factor 

(Measured at JPL) ---- 0.0826 Vlmph (0.0563 Vlhph) 
(Measured at DSI) ---- 0.0813 V/mph (0.0543 Vlkmph) 
(Used in Computer 
Program -------------- 0.0850 VImph (0.0580 V/kmph) 



4.4.2 Interfaces 

4.4.2.1 Isolation Amplifiers (Battery and Motor Voltage). 

Manufacturer ----------- Burr-Brown 
Model :lumber ----------- 3452 
Scale Factor ----------- 0.03125 V/V (scale factor achieved 

by use of external components). 

4.4.2.2 Thermistor Circuit. Consists of precision 5 volt source 
connected across precision 2K resistor in series with thermistor. 
Output to tape recorder taken across thermistor. Voltage to tem~erature 
relation is: 

T is in OC and V in volts. 

4.4.2.3 Filters. Each of the six filters shown in Figure 4.1.1 
consists of two 10 K resistors and two 1 uF capacitors connected as a 
two section low pass filter. 

4.4.3 Measuring and Recgrding Instruments. 

4.4.3.1 AC Watt-Hour Meter 

Manufacturer ----------- General Electric 
Model Number ----------- 12OV-2W-FMIS-TA15 
Scale Factor ----------- Unity 

4.4.3.2 Charge/Diecharge Current Integrator 

Manufacturer ----------- Ri~p-Electric 
Scale Factcr ----------- 1 Amp-Hour = 1.667 x lo-4 Volt-Hour 

4.4.3.3 Energy Counter 

Manufacturer -----.------ JPL 

Scale Factor (present 
Calibration ------------ 1 Increnent = 1.333 Watt-Hour 

= 2.500 Volt2-~ec 



Scale Factor (nominal 
calibrati3n) ------------ 1 Increment = 1.000 Watt-Uour - 1.875 ~oltZ-~ec 

Data Recorder. 

Manufacturer ------------ Date1 Systems, Inc. 
Model Number ------------ LPS-16-12BA3-64 
Scale Factor ------------ Least Significant Bit = 1.22 MV 

MANUFACTURERS' SPECIFICATIONS (see Section 4.4 for 
Manufacturers and Model Numbers) 

Sensors 

Operating Temp ----------- 0 to +70°C 

Temp. Coeff. ------------ +0.08% FSf°C - 

Battery Shunt (see Section 4.6.1.2). 

Thermistors 

25OC Resistance --------- 2000 ohms 

Fifth Wheel. No meaningful specs available. 

Interfaces 

Isolation Amplifiers. 

Nonlinearicy ------------ 0.005% FS 
Frequency Response ------ 2.5 M z  (3 dB point) 

Setting Time ------------ 1 msec (to 0.1%) 
Isolation Mode 
Rejection --------------- 120 dB (60 HZ) 



4.5.2.2 Thermistor Circuit, 

Accuracy of 
voltage ---------------- 3.3% or better 

4.5.3 Measuring and Recording Instruments 

4.5.3.1 AC Watt-Hour Metcr. 

4.5.3.2 - Char~IDischarge Current Integrator (Ripp-Electric - 
Mens~rement s) 

Offset counting 
rate (measured 3 weeks 
after calibratLon - 
with temp varied 
between 16°C and 
2 7 " ~  ------------------- Less than 0.05 amp-hour per hour 

for both counters. 

Counting rate accuracy 
(measured at 100 amps 
or 16.66 MV - 3 weeks 
after calibration with 
temperature between 
60°F and 8g°F) --------- Ranged between 99.24 and 103.36 

amp-hours per hour for both 
counters 

Linearity (measured at 
50, 100, 200, 
300 amps --------------- Error less than 0.1% of full scale 

counting rate - for born counters. 

4.5.3.3 Energy Counter. 



4.5.3.4 Data Recorder. 

Recording Medium -------- Cassette Tape 
Number of Inputs -------- 16 Analog Channels 
Input Configuration ----- Single Ended 
Input Voltage Range ----- 0 to +5 V F.S. (as used) 

Input Channel 
Impedances -------------- 100 Megohms (after mod.) 

+1.9 MV System Accuracy ------- -- - 
Resolution -------------- 12 binary bits (LSB = 1.22 MV) 

System Temp. Coeff. ----- - +0.004%/"C 
Plax Scan Rate ----------- 5 channels per sec 



4.6 LAB AND FIELD CALIBRATIONS 

4.6.1 AAC Current Sensors 

4.6.1.1 Lab Cal. - Dec 1976. JPL. The followtng tests and cali- - 
brations were applied t - ~  the battery current sensor (No, 1) and the mocor 
current secsor (No. 2): Bipolar excitation power was derived from two 
lab supplies, each adjusted to 15 + 0.1 volts. Sensed currents were 
effected by 40 turns of No. 22 wire connected to lab supply thr~ugh 10, 
1%, 10 watt  recision resistor. All subsequent voltage readings wtre 
with a Fluke 8900A DVM. 

Vith sensed current = 0, output voltage of each sensor was 
first observed; initial offsets were ab-:ut 0.- volts. Next step was to 
ad- 1st ~ u l l  control for output zero. Subsequent drift rates were about 
1 MV in 15 minutes. 

Next, the sensed current was set k t  1000 amps 1s indicated 
by a 1.000 v o ~ i  drop across the resistor. For each sex,,or, forwara and 
reverse currents gave same readings. Battery Sensor gave rc-dings of 
+0.668 V and Motor Sensor gave +0.669 V. Corrkct reading for 4G.C - - 
ampere turns if +0.667 V. - 
. .6 .1.2 Field Cal.. No. 1 March 30, 1977, Dynamic Science.  wit'^ both 
sensors energized but se.nserl current = 0, output offsets :,ere checked. 
For Motor Sensor, offset was only $.O.b314V, For Battery iensor, offset 
was +0.041V. At this time it was noted that a 0.610 V signal ground 
voltage difference was presel between sensor grounds and Energy 
7ou2ter signal ground, 9n March 31, Battery Sensor was zeroed for null 
voltage R C  Energy Counter. On April 15, a No. 14 ground connection 
between sensors and Energy Counter was added; both sensors were slightly 
adjusted f ,r zero offset as seen at Energy Counter inputs. 

4.6.1.3 Field Cal No. 2 March 30, 1977, 3ynamic Science. In these 
tests severaT points of static operation were tested for each sensor. 
Test setup consisted of a 20A Nobatroc Power Supply in series with 10A, 
100 MV shunt and 14 turns of No. 14 tit-ough sensor under test. Fluke 
8100A DVM was used to measure both the shunt signal and the sensor 
output. Results are summarized in Table 4.6.1. 

4.6.2 Current Integrator Field Cal. April 14, 1977, Dynamic 
Science 

Data recorded during tests indicated that the "charge" 
portion of the current integrator may have deveioped larger than 
nominal offset errors. A 5.00 amp current was simulated by a 0.83 MV 
signal (as read on Fluke 8100A DVM). The integrat~r was allowed to 
warm up for one half hour (TA = 29.S°C) before the cornting rate was 
checked. Measurement produced 92 counts (0.92Ati) in 12 minutes, Since 
correct reading was lor counts, error at the 5 amp point was 8 I .  Both 
charge and discharge counters were zeroed at this time. 



4.6.3 Energy Counter Field measure men,^ 

4.6.3.1 Offse: Count Rate - Measured March 9, 1977, Dynamic - 
Sciecce. Yith all input signals at zero, counting rates, based on 
counts over 10 minutes interval, were: 

Batt. Discharge -------- 336 countslhr = 448 watts 

Batt. Recharge --------- 0 co-rnts/hr; offset not known 
Energy to Motor -------- 60 countslhr - 80 watts 

Energy from Motor ------ 0 counts/hr; offset not known 

4.6.3.2 Cal. Tests - March 18, 1977, Dynamic Science. Various input 
voltages were applied tc the Ensrgy Counter to determine accuracy at - .  

different points of operation for-each of the counters. All voltages 
were measured wi'b Fluke SlOOA Dm; time was measured with wrist watch. 
Scale factors fci voltage :?ere 5 volzs input (voltage signal) corres- 
ponds to :60 volts (battery or motor) and 5 volts input (current 
signal) corresponds to 300 amps (battery acd motor). Computed H factor 
is the number of watt-hcurs per LSD. Results are summarized in 
Table 4.6.2. 

4.6.b Fifth Uheel Lab and Field Measurements 

Fifth lJheel tachometer output vs speed was mzasured at JPL 
for vari~us speeds. Results of these measurements were plotted in 
Figv,e 4.6.1. Voltage to speed proportionality, determined from 
Figure 4.6.1, 5 3  3.826 Vfmph. 

Using Dynamic Science's 1800 RPM "Fifth Wheel S ~ I  inner", 
Fluke SlOOA reading of tachometer was 4.305 V (test perforned on 
March 14, i977). The rating given the Fifth Wheel Calibrator Ly 
Dynamic Science is 52.95 mph. The corresponding voltage to speed 
proportionality is 0.0813 V/mph. 

For all tests, the vehicle speed was driver contr~lled, 
using the HP Strip Chart recorder as a speed indicator. The Strip- 
Chart Recorder was periodically calibrated by running the Fifth Wheel 
on the Calibrator. 

4.6.5 AC KWH Meter 

No measurements or calib~a~ions we12 performed. 



Table 4.6.1. AAC Current Sensor Cal. Test  

Shunt 
Vvltage 

Sensor 

Motor 
Motor 
Motor 
Motor 
Motor 
Motor 
Motor 

Battery 
Battery 
Battery 
Battery 
Battery 
Battery 
Battery 

Circu! t 
Test 

Bat t .  Disch 
Ratc. Diech 

Bart.  Recn 
Bat t .  Rech 
Batt.  Rech 
Bat t .  Rech 

To Motor 
To Motor 
To Motor 

0.00 
+24.9? 
+49.80 

+loo. 0 
-100.0 

-50.3 
-25.07 

Table 6.6.2. Energy Counter Cal. Test  

Ampere- 
Turns 

0.00 
+34.96 
+69.72 

+140. 00 
-140.00 

-70.42 
-35.10 

Current 
Simulated 

(Amps) 

100.0 
200.0 

-40.0 
-5.0 

-12.0 
-2.0 

150.0 
75.0 

250.0 

Expected 
Sensor 

Reading 
(Volts) 

0.000 
+O. 583 
+I. 162 
+2.333 
-2.333 
-1.174 
-0.585 

(Wac t-Hrs 
per  Count) -- 

1.316 
1.316 

1.321 
1.116 
1.230 
0.893 

1.298 
1.302 
1.317 
-- 

Current 

(Vol ts)  
Signal  

1.667 
3.333 

-0.667 
-0.083 
-0.200 
-0.033 

2.500 
1.250 
4.167 

Actual 
Sensor 
Re ad ing 
(Volts) 

-0.013 
+0. 575 
+l. 153 
+2.330 
-2.371 
-1.210 
-0.610 

% Error  

- 
+l .  37 
+O. 77 
+O. 13  
-1.63 
-3.06 
-4.27 

Counting 

(Sec) 
Time 

150 
150 

150 
150 
150 
150 

150 
150 
159 

7- Observed 
Counts 

380 
665 

164 
28 
61 
14 

289 
180 
870 

Predicted 
Wa:t-Hours 

500.0 
875.0 

216.7 
31.3 
75.0 
12.5 

375.0 
234.4 

1145.ft -- 



5 10 15 2 0 2 5 30 3 5 4 0 

FIFTH WHEEL SPEED h p h )  

Figure 4 . 6 . 1 .  Ca l ibra t ion  T e s t  Run on NC-3 F i f t h  Wheel, 
December 1 6 ,  1 9 7 7  



4.7 LIST OF INSTRUMENTS, MODEL AND SERIAL NUMBERS 

Data Recorder ----------- Datel, PN LPS-16-12B3A-64 

S t r i p  Chart Recorder --.-- HP, PN 7100B, 15701A amplifiers 

~ i f t h  Wheel ------------- Nucleus, PN NC-5 



5.1  TEST PROCEDURES 

I n  paragraphs 5.2 through 5.6, which fol low,  test procedures 
f o r  cons tan t  speed,  d r i v i n g  cyc le ,  a c c e l e r a t i o n ,  coast-down, and weight 
s e n s i t i v i t y  measurements a r e  r e s p e c t i v e l y  discussed.  With t h e  excep t ion  
of t h e  weight s e n s i t i v i t y  t e s t s ,  a l l  procedures d e r i v e  from EmA 
Document EHV-TEP . 

The procedures i n  paragraphs  5.2 through 5.5 d i s c u s s  those  
cases  where d e v i a t i o n s  from t h e  recommended ERDA procedures were used. 
These s e c t i o n s  a l s o  t e s t  v a r i o u s  "standards" which were adopted when 
corresponding ERDA procedures were nonex is ten t .  

Procedures f o r  tho, weight s e n s i t i v i t y  tests were formulated 
by W. Rippel. The u.iderlying purpose of tl-?se added tests was t o  pro- 
v i d e ,  f o r  dzsipr.  eng ineers ,  an  e s t i m a t e  of !range and energy improvements 
which could bt achieved through weight reduct ions .  

5.2 PROCEDURES FOR CONSTANT STEED TESTS 

T e s t s  were conducted i n  accordance wi th  Sec t ion  2.8.1 of 
ERDA Dc~cument EHV-TEP, but  w i t h  t h e  f o l l ~ w i n g  a d d i t i o n s  and modif icat fons .  

5 .2 .1  Charge S t a t e  

A l l  tests were s t a r t e d  w i t h  a f u l l y  charged b a t t e r y .  A 
s p e c i f i c  g r a v i t y  i n c r e a s e  of .005 g/cm3 o r  less, dur ing  a one-hour 
i n t e r v a l  of charging,  served as an i n d i c a t i o n  o f  " f u l l  charge" f o r  both  
t h e  EV-106 and LEV-115 b a t t e r i e s .  P r i o r  t o  each t e s t ,  t h e  s p e c i f i c  
g r a v i t y  and temperature of each c e l l  w a s  recorded.  I f  m y  c e l l  y i s l d e d  
1 temperature-corrected g r a v i t y  o f  less t h ~  1.275 R/2rn3, a d d i t i o n a l  
,barging was performed. 

5.2.2 Ba t te ry  Temperature 

T e s t s  were conducted only  i f  t h e  ambient temperature was 
between 4 0 ' ~  and 90CF (5OC and 32'C). B a t t e r y  charging was permi t t ed  
only i f  worst-case c e l l  temperatures a r e  between 40°F and 120°F 
(5'C and 4g°C). Track tests was i n i t i a t e d  on ly  when worst-case c e l l  
temperatures were between 40°F and l lO°F  (5OC and 43'C). 

5.2.3 Charging 

A l l  charging was done w i t h  t h e  on-board v e h i c l e  charger .  
Any adjustments made on t h e  charger  dur ing t h e  course  of t h e  tests v e r e  
noted . 
5.2.4 Wind Veloci ty  

T e s t s  were no t  run when t h e  rms wind v e l o c i t y  exceeded 
10 mph (16 Km/h) . 



5.2.5 Ins t rumenta t ion  

A t  t h e  end of each t e s t ,  amp-hour, b a t t e r y  d i s c h a r g e  KWH, 
motor KWH, f i f t h  wheel d i s t a n c e ,  and e lapsed  time v a l u e s  were recorded - 
i n  a d d i t i o n  t o  t h e  s p e c i f i c  g r a v i t i e s  and temperatures  of each of t h e  
b a t t e r y  c e l l s .  

During each t e s t ,  t h e  fo l lowing parameters  were recorded on 
the  c a s s e t t e  d a t a  recorder :  

Speed ( S t r i p  Chart  r ecord  included)  
Ba t t e ry  v o l t a g e  
B a t t e r y  c u r r e n t  
B a t t e r y  d i scharge  energy 
Motor v o l t a g e  
Motor c u r r e n t  
Energy t o  motor 
Ambient temperature  
Motor temperature  

During recharge ,  AC l i n e ,  b a t t e r y  recharge  energy,  recharge  
amp-hours, and recharge  time were recorded.  

5.2.6 Vehicle Tes t  Weight 

No payload,  i n  a d d i t i o n  t o  t h e  ins t rumenta t ion  and t h e  
d r i v e r ,  was added. The reasons  f o r  t h i s  dec i -Lon  a r e  a s  fo l lows:  

(1) ERDA p r ~ c e d u r e s  enab le  t h e  manufacturer  t o  s p e c i f y  
payload 

(2) Weight s e n s i t i v i t y  t e s t s  (paragraph 7.5) enab le  
performance p r e d i c t i o n s  wi th  v a r i o u s  payloads 

(3) With minimum payload,  v e L c l e  "wear and t ea r"  was 
minimized 

5.2.7 T i r e  P ressures  

A t  s t a r t  of t e s t s ,  f r o n t  t i re  p r e s s u r e s  were s e t  a t  28 + 1 PSI 
and r e a r  p ressures  a t  37 - + 1 PSI.  

5.2.8 Tes t  S t a r t  

Vehicle was d r i v e n  t o  t r a c k  s t a r t i n g  p o i n t ,  which requ i red  
no more than 0.3 amp-hour. That corresponding range e r r o r ,  f o r  EV-106, 
was l e s s  than .25 percent .  

5.2.9 Tes t  Termination 

The fol lowing c o n d i t i o n s  were used t o  t e rmina te  a  t e s t :  

(I) I n a b i l i t y  t o  mainta in  95 pe rcen t  of d e s i r e d  speed 



( 2 j  Drop o f  b a t t e r y  v o l t a g e  below 1.55 v o l t s  p e r  c e l l  f o r  
more than 4 seconds ( i n  the  c a s e  of t h e  Ripp-Elect r ic ,  
where t h e  b a t t e r y  is a 120 v o l t  u n i t ,  t h i s  c u t o f f  
v o l t a g e  is 92 v o l t s )  

A f t e r  t h e  above c u t o f f  c o n d i t i o n  was reached,  the  v e h i c l e  
was d e c e l e r a t e d  over  a d i s t a n c e  which d i d  noc exceed 1000 f e e t  ( n o t e  
t h a t  1000 f t  corresponds t o  a range e r r o r  of betwcen .2  percent  and 
. 4  percent .  Accordingly, the  c o a s t  d i s t a n c e  may be used t o  o f f s e e  
e r r o r s  due t o  "pre- tes t"  d r i v i n g  a s  mentioned i n  paragraph 5.2.8).  

5.2.10 T e s t s  Performed 

I n  accordance wi th  paragraph 2.8.1.2.2 oi ERDA Document 
EHV-TEP, cons tan t  speed tests w i l l  be run a t  25, 35, 45 mph, and a t  
" top speed. " 

The h i g h e s t  cons tan t  speed main ta inab le  over  both t h e  
b a t t e r y  c y c l e  and dur ing  up-grade p o r t i o n s  of t h e  t r a c k  was approximately 
47 rnph, whereas the  average speed p o s s i b l e  over  a b a t t e r y  charge was 
about 53 mph. 

I n  a l l  c a s e s ,  a t  l e a s t  two of each t e s t  were performed; 
when range va lues  d i f f e r e d  by more than 1 0  pe rcen t ,  a t h i r d  t e s t  was 
run. 

5.3 PROCEDURES FOR D R I V I N G  CYCLE TESTS 

T e s t s  were performed i n  accordance w i t h  paragraph 2.8.2 o f  
ERDA Document EVH-TEP, but  w i t h  t h e  fo l lowing a d d i t i c n s  and modi f i ca t ions .  

See paragraph 5.2.1. 

5.3.2 B a t t e r y  Temperature 

See paragraph 5.2.2.  

5.3.3 Charging 

See paragraph 5.2.3. 

5.3.4 Wind Ve loc i ty  

See paragraph 5.2.4.  



5.3.5 Ins t rumenta t ion  

Procedures i d e n t i c a l  t o  paragraph 5.2.5,  b u t  w i t h  t h e  follow- 
ing  a d d i t i o n s :  

5.3.5.1 St r ip-Char t  r e c o r d e r  was used i n  con junc t ion  w i t h  pre- 
recorded S t r i p  Char t s  t o  d i s p l a y  d e s i r e d  speed a s  w e l l  as 
t o  record  a c t u a l  speed ( s e e  paragraph 5.3.9 f o r  d e t a i l s ) .  

5.3.5.2 A f t e r  each d r i v i n g  c y c l e ,  d i scharge  and recharge  amp-hours, 
p l u s  c y c l e  number, were recorded.  

5.3. E Vehicle  T e s t  Weight 

See paragraph 5.2.6. 

T i r e  P r e s s u r e s  

Cee par-.,~aph 5.2.7. 

Tes t  S t a r t  

See paragraph 5.2.8. 

5.3.9 Driving Cycle T e s t s  D e t a i l s  

J227a, Schedule B and C t e s t s  were run w i t h  and wi thou t  
r e g e n e r a t i v e  braking u n t i l  a  t e r m i n a t i o n  p o i n t  was reached fpara- 
graph 5.3.10). A pre-recorded S t r i p  Chart  was used t o  disyl-iy t h e  
d e s i r e d  vehic1.e speed a t  each i n s t a n t  of  time. The d r i v e r  mainta ined 
t h e  v e h i c l e  speed a s  c l o s e  a s  p o s s i b l e  t o  t h e  d e s i r e d  speed a t  each 
i n s t a n t  i n  time - but wi th  the  fo l lowing  except ions:  

1. Hydraui ic  brakes  were no t  used t o  a s s i s t  r e g e n e r a t i v e  
braking ic c a s e s  where r e g e n e r a t i v e  d e c e l e r a t i o n s  
f e l l  below p r o f i l e  

2. I n  cases  where t h c  v e h i c l e  could  n o t  l i n e a r l y  
a c c e l e r a t e  t o  t h e  c r a i s e  speed w i t h i n  t h e  a l l o t t e d  
t ime,  i n i t i a l  over -acce le ra t ions  were used 

3. Small speed e r r o r s  were p u r p o s e f u l l y  in t roduced  t o  
compensate f o r  driver-caused e r r o r s  o c c u r r i n g  
p rev ious ly  i n  t h e  same c y c l e  

Schedules B and C a r e  di-splayed and de f ined  i n  Figure  5.3.1. 
Data f o r  t h e  "coast" p o r t i o n s  was ob ta ined  from prev ious ly  run coas t -  
down t e s t s  (Ontar io  t e s t s ,  December 1976). 



5.3.10 Test Termination 

Any of t h e  following three  condi t ions were used t o  terminate 
a test: 

(1) I n a b i l i t y  t o  maintain 95 percent of the  c r u i s e  speed 

(2 j  I n a b i l i t y  t o  reach c ru i se  speed wi th in  2 seconds of 
t he  a l l o t t e d  acce le ra t ion  t i m e  

(3)  Drop of ba t t e ry  vol tage below 1.55 v o l t s  per  c e l l  f o r  
more than 4 seconds ( i n  t h i s  case,  where t h e  b a t t e r y  
i s  a 120 v o l t  uni t3  the ca tof f  vol tage i s  92 v o l t s ) .  

I f  t he  cutoff  f i r s ;  occurred during the n th  cycle  accele- 
r a t i on ,  and 95 percent of n th  cycle  c r u i s e  speed is maintained, t he  test 
was terminated upon completion of n th  cycle ,  and range (and cycle  number) 
included t h e  n t h  cycle.  However, i f  95 percent of the n th  cyc le  c r u i s e  
speed could not  be maintained, then the  range was defined by the  con- 
c lus ion  of t h e  (n-1) t h  cycle.  



5.4 PROCEDURES FOR ACCELERATION TESTS 

T e s t s  were conducted i n  accordance wi th  paragraph 2.8.3 of 
ERDA Document EHV-TEP, b u t  wi th  t h e  fo l lowing  a d d i t i o n s  and modi f i ca t ions :  

5.4.1 Track Condi t ions  

A l l  t e s t s  were performed on a s t r a i g h t  p o r t i o n  of t h e  t r a c k .  
T e s t s  were run i n  oppos i t e  d i r e c t i o n s ,  s t a r t i n g  a t  des igna ted  l o c a t i m s .  
Average g rade  over  any 100-foot segmenr: d i d  no; exceed 1 percen t .  

5.4.2 Wind Ve loc i ty  

T e s t s  were no t  run when rms wind v e l o c i t y  exceeded 10  mph 
(16 kmlh). 

5.4.: Ins t rumenta t ion  

The fo l lowing parametere were recorded a s  f u n c t i o n s  of 
e l apsed  time: 

Speed 
B a t t e r y  v o l t a g e  
B a t t e r y  c u r r e n t  
B a t t e r y  energy 
B a t t e r y  amp-hours 
Motor v o l t a g e  
Motor c u r r e n t  
Motor energy 

5.4.4 Driving Technique 

( s t r i p  c h a r t  and magnetic t ape )  
(magnetic tape)  
(magnetic t ape )  
(magnetic t ape )  
(amp-hour i n t e g r a t o r )  
(magnetic t ape )  
(magnetic tape)  
(magnetic t ape )  

The Ripp-Elect r ic  i s  a manually s h i f t e d  v e h i c l e ,  and normal 
s h i f t i n g  procedures were used. Accordingly,  t h e  a c c e l e r a t o r  was 
r e l e a s e d  t o  t h e  ze ro  power p o i n t  p r i o r  t o  c l u t c h  depress ion ,  and power 
was on ly  r e a p p l i e d  a f t e r  t h e  c l u t c h  was re-engaged. 

5.4.5 Charge S t a t e  

Tes r s  were run a t  " f u l l  charge," "40 pe rcen t  d ischarged,"  
and "80 pe rcen t  discharged." For each of  t h e  t h r e e  charge  s t a t e s ,  a t  
l e a s t  two a c c e l e r a t i o n s  were performed i n  a g iven d i r e c t i o n ,  and a t  
].east two a c c e l e r a t i o n s  were performed i n  t h e  r e v e r s e  d i r e c t i o n .  

B a t t e r y  d i scharges  t o  t h e  40 pe rcen t  and 80 pe rcen t  p o i n t  
were achieved by c o n s t a n t  speed d r i v i n g  a t  a speed chosen,  which may be 
maintained a t  t h e  80 pe rcen t  d i scharge  p o i n t .  Using t h i s  procedure ,  
100 pe rcen t  d i scharge  was de f ined  as t h e  number of amp--hours, where t h e  
abovc cons tan t  speed o p e r a t i o n  is terminated as a r e s u l t  of lowered 
b a t t e r y  v o l t a g e  o r  i n a b i l i t y  t o  main ta in  speed. The 40 pe rcen t  t e s t  
w i l l  be g a r t e d  when 40 pe rcen t  of t h e  above amp-hours have been 
d i scharged ;  l i k e w i s e  f o r  t h e  80 p e r c e n t  t e s t .  



I n  t h e  c a s e  of the  RLpp-Electric wi th  EV-106 b a t t e r i e s ,  
b a t t e r y  d i scharges  were performed a t  45 mph. S ince  45 mph range t e s t s  
e s t a b l i s h e d  a charge a v a i l a b i l i t y  of  141 amp-hours, t h e  40 pe rcen t  t e s t  
was s t a r t e d  a f t e r  a t o t a l  of  56.6 amp-hours had been d i scharged  v i a  t h e  
f u l l  c\arge a c c e l e r a t i o n  t e s t s  and t h e  subsequent 45 mph opera t ion .  
S i i i l a r l y ,  t h e  80 pe rcen t  Lest was s t a r t e d  a f t e r  a t o t a l  d i scharge  of 
113.2 Pmp- hours. 



5 . 5  PROCEDURES FOR COAST-DOWN TESTS 

Coast-down tssts were run a s  p e r  paragraph 2.8.6 of ERDA 
Document EHV-TEP (May 1977) , but  wi th  t h e  fo l lowing a d d i t i o n s :  

5.5.1 Warm-up 

The v e h i c l e  was run f o r  6 miles  ( 3  l a p s )  a t  maximum speed,  
p r i o r  t o  the  t e s t s ,  t o  achieve s t a b l e  t i r e  and l u b r i c a n t  temperatures .  

5.5.2 Track Survey 

The coast-down t e s t s  were pe-formed on ly  on a  s t r a i g h t ,  
surveyed p o r t i o n  of t r ack .  The s t a r t i n g  p o i n t  (t=O l o c a t i o n )  was noted 
f o r  each t e s t ,  so  t h a t  t h e  t r a c k  survey could be "synchronized" wi th  t h e  
da ta .  

5.5.3 Wind Ve loc i ty  

The t e s t  was n o t  run when t h e  rms wicd v e l o c i t y  exceeded 
3 mph (5  kmlh). 

5.5.4 Ins t rumenta t ion  

A Nucleus NC-5 speed sensor  was used. Speed s i g n a l s  were 
recorded on bo th  d i g i t a l  magnetic t a p e  and on a  s t r i p  c h a r t .  Ay-iropri- 
a t e  f i l t e r i n g  was used t o  e l i m i n a t e  "hash" LCrom t h e  tachometer genezator .  

5.5.5 Other Procedures 

A t  l e a s t  two t e s t s  i n  each of two d i r e c  . ions was s t a r t e d  
(t=O) wi th  v e h i c l e  a t  maximum a t t a i n a b l e  speed (wi thout  c o n s t r a i n t s  of 
s a f e t y  and t r a c k  p a r t i c u l a r s ) .  When coast-down d i s t a n c e s  exceeded t h e  
s t r a i g h t ,  surveyed s e c t i o n  of t r a c k ,  r e p e a t  t e s t s  were performed w i t h  
reduced i n i t i a l  speed,  such t h a t  t h e  v e h i c l e  came t o  r e s t  b e f o r e  reach- 
ing  t h e  end of t h e  surveyed s t r a i g h t .  

P r i o r  t o  t h e  t e s t s ,  brake drag was determined f o r  each c f  
t h e  f & r  wheels. Th i s  was determined by j ack ing  t h e  c a r  and us ing a  
s p r i n g  s c a l e  ( a t  a measured r a d i u s )  t o  apply  t e rque .  I f  a f t e r  apply- 
ing  and r e l e a s i n g  brakes ,  a n r  wheel to rque  exceeded 1 f t - l b  (1 .4  Nm), 
the  corresponding brake was a d j u s t e d  u n t i l  t h e  to rque  was w i t h i n  t h e  
above l i m i t .  
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5.6 PROCEDURES FOR WEIGHT SENSITIVITY TESTS 

In order tu quantita~ively assess the impact of added or 
reduced weight on a given vehicle, "weight sensitivity" tests were 
devised. 

5.6.1 Definitions 

where 

Weight sensitivity is defined as: 

- is the nominal gross vehicle weight 
0 

AW is weight increment 

x is the value of a particular parameter (x) associated 
0 with nominal weight conditions 

Ax is the increment in x associated with A . 

S is the weight sensittvity associated with parameter x 
X 

As an example, the weight sensitivity associated with 
battery discharge energy is 

where BEo is the energy used (for 2 particular test) with weight Wo, 
and BEo + &BE is the energy used (same test) with weight Wo + OW. 

5.6.2 Procedures for Constant Speed Tests 

5.6.2.1 Warm-Up 

The vehicle was run for 6 miles (3 laps) at maximum speed to 
achieve stable tire and lubricant temperature. 

5.6.2.2 Test Conditions 

Tests were run at 25, 35, 45 mph and top speed. Each test 
was initiated after the desired speed was achiecd. The test tenni- 
nated after exactly one or an integral number of laps had been run. 
When the test was initiated, a switch was thrown which simultaneously 
activated the energy, charge, and dlstance recording instruments. At 
test termination, this switch was turned off. With this approach, a 
simultaneous measure of energy, charge, and distance was achieved. 



T e s t s  were a l t e r n a t e l y  run w i t h  and wi thout  a known added 
weight (AW).  Each t e s t  was perforn,rd a t  l e a s t  twice.  

5.6.3 Procedures f o r  Driving Cycle T e s t s  

5.6.3.1 Warm-up 

I f  d r i v i n g  c y c l e  t e s t s  were run w i t h i n  30 minutes a f t e r  
completion of cons tan t  speed t e s t s ,  no warm-up was requ i red  - o t h e r w i s r  
a 6 m i l e  warm-up was ~ e q u i r e d .  

5.6.3.2 Tes t  Condi t ions  

Schedule 11 and C t e s t s ,  w i t h  and wi thout  r e g e n e r a t i v e  bralcmg, 
and w i t h  and wi thout  added weight ,  were run (8 s e p ~ - a t e  t e s t s ) .  

Each Schedule B t e s t  c o n s i s t e d  of 13 ( o r  a m u l t i p l e  of 10) 
consecut ive  c y c l e s  (10 cyc lec  = approxxnate ly  one l a p ) .  Eacir Fchedule C 
t e s t  c o a s i s t e d  cf 6 ( o r  a m u l t i p l e  7f 6) consecu t ive  c y c l e s  (6 c y c l e s  = 

approximately one l a p ) .  

Energy, charge ,  and d i s t a n c e  record ing  i r s t r u m e n t s  were 
enabled j u s t  p r i o r  t o  s t a r t  of  t h e  f i r s c  c y c l e ,  and d i s a b i e d  j u s t  a f t e r  
end of t h e  l a s t  c y c l e  of each t e s t .  

E x h  t e s t  was performed once i n  o r d e r  t o  conserve b a t c e r y  
energy. 

5.6.4 Parameters t o  be Measured 

5.6.4.1 Constant  Speed 

See Table 5.6.1. 
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Table 5.6.1. Constant Speed Weight Sensitivity Parameters Measured 

5.6.4.2 Driving Cycles (See Table 5.6.2) 

v 

. Bat te ry  Energy 

Motor Energy 

AH Disch. 

Table 5.6.2. Driving Cycle Weight S e n s i t i v i t y  Parameters Measured 

25 mph 

'BE 25 

'HE 25 

'AH 2s 

35 mph 

'BE 35 

'ME 35 

'AS 35 

Sch C 
W. Regen. 

'BE c r  
.- 

'RBE c r  

'ME c r  

'RHE c r  

Sch C 
N c  Regen. 

'BE c n r  

- 

'ME c n r  

- 

45  mpl! 

'BE 45 

SME 45 

S~ 45 

Sch B 
W. Regen. 

'BE b r  

'RBE b r  

'ME b r  

br  

Bat t .  Disch. Energy 

Batt. Rech. Energy 

Energy to Motor 

Energy from Motor 

Top Speed 

'BE tGp - 
SME fop - 
'AH top 

Sch B 
No Regen. 

'BE bnr 

- 

'ME bnr 

- 
- -  - 

'AY t;r 

S~~~ br  

- I - - - - -  , AH Disch.  'AH bnr 'AH c n r  

AH Rech. - - 
'RAG c r  

C - 



6 . 1  MEASURED DATA-CONSTANT SPEED TESTS 

I n  a c c o r d c n r e  w i t h  pa rag raph  5.2,  tests were r u n  a t  25,  35,  
45 mph and t o p  speed .  Nine tests were i n i t i a l l y  run  - two a t  25 mph, 
t h r e e  a t  35 mph, two a t  45 mph, and two a t  t o p  speed .  

I n  t h e  c o u r s e  of  t h e s e  t e s t s ,  an i n s t r u m e n t a t i o n  e r r o r  wepc 
went unno t i ced ,  whereby t h e  motor  a r m a t u r e  v o l t a g e  was s e n s e d  r a t h e r  t han  
t h e  ti ;a1 n o t o r  v o l t a g e .  For  t h i s  r e a s m ,  a  group of  s h o r t  r e p e a t  
t e s t s  (22A through 22E) was ~ e r f o r m e d  w i t h  t h e  i n s t r u m e n t a t i o n  p r o p e r l y  
connected  . 

The r e s u l t s  of  a l l  1 4  c o n s t a n t  speed  t e s t s  a r e  d i s p l a y e d  i n  
Tab le  6.1.1.  F i g u r e s  6.1.1.  and 6.1.2 d i s p l a y  r m e e  v s  speed  and ene rgy  
consumption v s  s p e e d ,  r e s p e c t i v e l y .  

Samples of  t h e  c o n s t a n t  speed  computer p r i n t o u t s  a r e  i n c l u d e d  
i n  Tables  6.1.2 through 6 . i . 1 4 .  

P l o t s  of  motor  t empera tu re  v s  t i m e  a r e  i n c l u d e d  i n  
F igu re s  6 .1 .3  through 6.1.6. 

Records of  s p e c i f i c  g r a v i t i e s  and c e l l  t e m p e r a t u r e s  a r e  
i nc luded  i n  Appendix I. 

I n  a d d i t i o n  t o  t h e  above tests, a l l  o f  which were r u n  w i t h  
EV-106 b s t t e r i e s  and 2N6251 c o n t r o l  sys tem t r a ~ s i s t o r s ,  one  45-mph test 
(No. 28) w a s  performed u s i n g  LEV-115 b a t t e r i e s  and S i l i t r o n  SDT-12302 
t r a ~ s i s t o r s .  R e s u l t s  o f  t h i s  test a r e  d i s p l a y e d  i n  Tab le  6.1.1A ( i n s t r u -  
men ta t i on  was connected  t o  s e n s e  f u l l  motor  vol.tago_ i n  t h i s  t e s t ) .  
T e s t  28 d a t a  was n o t  used  f o r  S e c t i o n  7 .1  computa t ions .  



SPEED K.;J RANGE MAX RANGE 
(mi) (mi) 

2 5 101.2 101.5 
35 73.1 94.7 

66.7 75.3 
TOP 52.82 55.70 

SPEED (miles per hour )  

Figui-e 6 . 1 . 1 .  Plot of Range vs Speed 

1 

4 - 

3 - 

MIN ENERGY MAX ENERGY 

7 
SPEED CONSUMPTION CONSUMPTION 
(mph) (mykwh1 (mi/kwh) 

2 - m  
25 

- 
4.09 3.34 

35 3.74 3.26 
4 5 3 .01  3.82 

TOP 2.40 -- 
1 - - 

I I I I I 
10 2 0 3 0 4 0 5 0 

SPEED (miles oer hour )  

Figure 6.1.2. Plot  of Energy Cor~sumption vs Speed 
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0 10 20 30 40 50 60 70 80 YO 100 110 120 130 140 150 160 170 180190 
TIME ( m i d  

Figure 6.1.3. Motor Case and Anbient Temp. vs Tirrie for Test No. 2 
(Const 25 mph) . (Data Terminated at 2.1 hr) 

AMBIENT TEMP. 
n n - n r \  - QO 

0 10 20 30 40 50 60 70 89 90 100 110 120 130 140 150 160 170 180 190 
TlME ( m i d  

Figure 6.1.4. Motor Case and Ambient Temp. vs Time for Test No. 3 
(Const 35 mph). 



TlME ( m i d  

Figure 6.1.5. Motor case and Ambient Temp. vs Time for Test No. 4 
(Const 45 mph). 

MOTOR CAY 
TEMP. 

AMBIENT TEMP. 

0 10 20 3 0 40 5 0 60 7 0 80 90 
TIME (min) 

Figure 6.1.6. Motor Case and Ambient Temp. vs Time for Test No. 5 
(Top Speed). 





t 
Table 6.1.1A. Uncorrected Data from Test Na. 28 

(45 mph Constant Speed with LEV-115 Batteries 
and SDT-12302 Control Transistors) 

Date of Test 
Distance Traveled (mi) 
End of Teet Voltage 
Gear 

BATTERY DISCHARGE 

Discharge Amp-Hours 
Discharge KWH 

ENERGY TO MOTOR 

To motor 15.06 

BATTERY RECHARGE - 
Recharge Amp-Hours 
Recharge KWH 

CHARGER INPUT 

Line KWH 
Recharge Time (hr) 

WEATHER CONDITIONS 

Ambient Temp ("C) 
Wind Speed (mph) 
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Table 6 . 1 . 2 .  Samples of Dat2 Printout for Test No. 2 (25 mph) 

EL~YY)  san m n  mr mr 
TI- WLT -1 WLT WLT 

UF IL  F I L U V I L  FIL 

m un mi Irr 
I R F W ~ W W P  

W l L  FIL W I L  VAL 

FIFW DEfi.C DC.C 1C.C 1C.C II(Vn I W  F M D  
W E L  FsWI  el* #'P W Ul- 

m, mar m m  m n  m n  FIL MIL man 
9 I1 11 12 I3 14 15 16 

ORMINAL PAGE Is 
OF POOR QUUlPy 
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Table  6 . 1 . 3 .  Samples of Data Printout for T e s t  No. 3 (35  mph) 

ib.i ii- 
127.1 1.0 1.4 
127.0 1.2 0.1 
127.0 U.6 1.4 
127.0 8.9 8.4 
12r.m 0.0 1.4 
119.4 43.9 68.3 
115.9 m..a m . 1  
llD.l m . 2  117.2 
114.1 2 S . 9  111.6 
1:s z.m.4 112.9 
1W.3 222.6 104.9 
112.2 231.1 1n .a  
113.1 237.9 110.9 
114.0 243.2 112.1 
119.6 - U 
111.2 254.4 97.1 
118.1 221.6 97.6 
11n.2 211.9 98.3 
110.2 224.0 90.1 
120.3 2 Y . 5  83.1 
12c.3 21s.e w. l  
115.'. 2U .3  112.4 
119.4 214.1 71.1 
119.3 241.0 V2.1 
119.4 215.5 91.9 
1IC.5 227.3 98.4 
110.3 1bO.U 191.4 
116.s z n . 4  n.: 
119.6 1W.6 93.5 
116.3 2U.5 113.3 
116.4 245.5 113.7 
116.7 2 U . Z  114.1 

a m  ran mm ulr m 
I =.I Si.1 m -1 

W I L  FlL 8 Dl TIL 

M l h ( P  I 2  1 4  
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of Data Printout for Test No. 4 (45 mph) Table 6.1.4. Samples 
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Table 6.1.5. Samples of Data Printout f o r  T e s t  No. 5 (Max Speed) 

Imr Imr 
rr rr 
I I L  W I L  

I 4  15 

a-D mn vn m~ m r  
T l R  WL? WLT -7 m? 

W I L  I I L  W l L  I I L  

lrn Irn 
a!! w 
FIL UC lL  

I 4  IS 

D m n  mn nn mr 
T I rn  WLr m r  WLT WLT 

M I L  I I L  W I L  I I L  

R I N S  1  2 3 4  

0 . m  0.- 
0 . m  0.02 
0.- 0 . m  
0 .W 0 . 1  
0 . m  0.00 
1.w 0 . w  
e.00 e.w 
0 . w  0111 
0.Od 0 W 
0.01 0.98 
0 . m  0 OI 
0 .W 0.W 
0.01 0.90 
o w  o m  
0 . w  0.98 
0.l.Y 0 . w  
0 . w  o.d# 
8 . w  o eo 
0 0 1  0.0d 
1 8 1  0.08 
0.1) 0 0 0  
0.m 0 K 
0 .W 0.30 
1 0 I  O M  
0.80 0 oa 
o m  o m  
*.mu 9 00 
1.00 0  dd 
0.- 1.00 
0 . w  0 M 
0 . M  B.Od 
I 09 a Cd 
0 .W soe  
9.90 0.08 
0.oa 1 01 
8.6d 0 dB 
e n s  soe  
o w a.n1 
8 . 0  e L U  
0.03 0.e.I 
0 Y 0.06 
0 . n  0 w 
0.03 0 . M  
0 . I  0 .W 



Table 6.1.6. Samples of Data Pr in tou t  f o r  Test No. 6 (35 mph) 

ORIGINAL PAGE tS 
OF POOR QUALITY 
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Table 6.1.7. Samples of Data Printout for Test No. 7 (Max Speed) 

mn mn m y  m T  
ur WLT W L r  H X T  

W l L  FIL W I L  CIL 

1 6 7 U  

I11 1 120.9 116 2 I16 I 

122 4 121 I 117.9 113 *, 
121 2 125 9 121.1 121 1. 
121.1 127.1 121 1 I21 . 
129.5 I10 1 124.2 1;1 II 
IY.l 1.11.0 123.4 124 10 
129 6 111.3 124.5 ~n . 
110.5 l lO.1 124.6 I25 4 
1 n . r  118.1 1 ~ 5 . 1  In. 
129.1 129 1 1 3  I I24 I 

129.9 121.1 12a.3 l:4 R 
129 2 129.3 I Z ' ~ . ~  I n .  
132.2 12s 7 114.0 I n .  
129 7 130.2 1 ~ 5 . 3  In 7 
129.5 129 4 125.1 125 U 
111 1 11r.o I n . 3  In 
130.1 129.7 124.7 124.11 
lZY.1 110.0 124.5 I24 
130.1 129.6 125.1 In 
11o.3 118,s 1 n . 4  125 * 
138.1 1 s  5 126.4 126 2 
130 5 131.4 127.1 176.5 
I Y . ~  13e.a 1 n . l  125. 
I l l  1 111.6 l a . 6  127 1 - 112.5 127.9 127.V 
114.4 135.2 110 1 I10 '> 
112 9 132.1 127.0 126 ' t  

131.1 I10 0 126.2 125 , 
ruu -- 121.1 122.11 

1212  116.0 121.0 121.' 
125.4 125.2 119.6 01 I 
4 . 3  59.9 102.0 I n  I 

I l7 .L 127.4 -.Y 122 1 
125.6 125.4 120 1 121 1 
121.1 135.2 121.2 121.1 
124.1 124 9 119.7 119 I 
I:< I 123 9 1 1 9 . 1 ~ * , ~ ,  
122.6 I21 110 0 117 1 
122.1 121.0 115 8 I16 8 

119.7 I19 9 111.6 I15 mi 
119.5 119.2 113.0 11- 1 
118.1 118.0 112.d 113 I 
117.1 117.4 113 4 112 8 

115.6 116.2 111 6 Ill . 

I*vm I W D  
DI, IVY 
Flb W l L  

EUIIITD b.n onm mr mr 
T I  WLT VPlT H I T  lCL1 

W l L  f l L  W l L  FIL 

mn o n n  mr r x  
w WP PJT L,,' 

W I L  FIL W I L  f l .  

5 6 7 0  

181.1 111.1 97 3 97 2 
1 M . 1  110 8 96.6 9 i . l  
lW .9  I00 5 96.6 9% 6 
lW .4  100.2 96 1 !f 7 
100.0 100 1 S.l 1 . 2  
101.0 l I l . 3  90.1 97 3 
1Ol.l 102.0 Ye.4 % 2  
104.5 104 5 101 2 IOf 7 
105.7 1857 102.9 IUl 9 
107.5 100.0 105 1 10..1 
lW .1  189.7 105.3 1 C . l  
110.9 110.8 1 0 . 1  1 M 9  
111 8 111.4 I07 5 10f . l  
112 J I12.* 1C7 7 107 B 
112.4 112.5 lC0.4 I01 9 
112.0 I l l . ¶  I m  0 185.3 
I13 1 114.1 111.2 111, 0 
111.7 114.3 11. I 110 6 
111.1 114.9 112.0 . ' I 
115.1 111.. 112.1 111 1 
115 l 115 7 112.7 111.1 
Ilr 115 4 111.6 11: 0 

116.1 116.0 111.9 11: 2 
115.1 115.7 111.2 111.9 
116.9 I16 I 111.0 11:.3 
116 6 1. 113.2 113.2 
117 117 9 113 6 114.1 
110.6 1,a.z I15 6 114 4 
116.6 8 I 7 . l  l l 1 . 1  ! I ; .?  
117.5 117.6 - 11 .4 
111.4 110.5 114 1 114 4 
121.3 121 I 115 5 116.1 
119.1 119.8 111.5 1140 
115.0 114.8 - - a  
111.1 111.1 1 v . e  '1'.0 
110.1 103.9 1V4.7 1-5 1 
107.3 187.5 IDA 4 10,.2 
185.1 1115.4 100.4 Id 2 
I I 3 . 5  IL1.8 50 7 I c . 4  
102.2 182.3 3C.6 W.9 
101 1 111 1 96.9 9( 9 
94.7 96.7 36 3 9s.5 
57.7 96 9 92.5 9, . 4  
97.4 97.3 YY 5 9-A 

F I F N  
YE% 

n* 

9 

n . 5 2  
50 01 
3 0 . 6  
50.49 
49 77 
am 
49.71 
47.m 
46.70 
m I6  
47.63 
47.m 
.m Y 
47.13 
6 . G  
46.13 
45.90 
.6 41 
<- 45 
U . , I  
45.- 
4 4  48 
44.- 
U 2a 
44.w 
44.26 
44. I 9  
u. 15 
a 0  
U.S 
a!. I 9  
u n  
u . 7 4  
U 90 
de 59 
44.99 
G .01  

m a  
M.76  
4 7 , s  
a . 0 .  
47 12 
a7.61 
re.25 



Table  6.1.8. Samples of  Data P r i ~ t o u t  f o r  Test No. 9 (25 mph) 

I I Y D  
cN.1- 
m m  

I S  

5.- 
5 . m  
5 m  
5.101 
5 OJI 
5 . m  
5 . w  
s . m  
5.w.a 
% N a  
5 . m  
S.&O 
5 . M  
>.m 
U 
I.0.  

S . W  

::3 
5.101 
5.mO 
5 . m  
5.- 
5 . m  
5.Ibo 
5 . w  
5.- 
5.om 
%CM 
5.- 
5 . m  
s.m 
5 . m  
5 . m  
5 . m  
8.0- 
s.c:o 
5 . r .  
5 . m  
5 .w1  
s.oeo 
5.0al 
¶.OW 
5 . m  
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T a b l e  6.1.9. Samples o f  Data P r i n t o u t  f o r  T e s t  No. 10 (35 mph) 

Irn lm 
n nr 
FlL W l L  

14 IS 

EUSD nn mn mr mr nn W-T m rrr 
TI IS  V I T  H I T  U L T  ULl W W 1+ .US 

U C l L  F I L  W I L  F IL  W l L  F lL  W I L  F L  
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Table 6.1.10. Samples of Data P r i n t o u t  f o r  Test Nd. 11 

F C . C  1c .c  m . c  *c.c 
r m r  m a  

u . 1  mnn m  m n  

r lrn 
-11 
m 

1) 

U S  
0 m 
a 1. 
U ,1 
n.n 
an  
U U  
Yam 
U . ? l  
Y .0 
u.m 
44 .w  
U.Y 
u.n 
U.91  
U.11 
U.b? 

U Y  u. I 1  

(1 1 1  
4 1 . a  
u . m  
U 51 
u.n - 
U.?9 
Y..S 
U I1 -.... 
U. 11 
U.Y 
U.I. 
U.U 
Y I 1  

U I  44 1. 

4. .v 
'3 r: 
4 .  ., 

m C mc c m.c S C . C  
f.OIT m u  

m ' r  m m  r r r  mrr 

I1 I t  I1 I1 

IU 9 - 94.1 ). 1 
la4 5 184.1 - 2  9l .4  
A 4 1  I 1 1 1  9 4 3  S b  
112 1 I..: : w 5 93 X 
In I -- - 97 3 
n t 1ra.2 9: r r . 9  
nm - 7  ::I v ?  
n.. 93 1 94 ? 96 1 
n e  u r  u r -  
n: r r ~  n~ n r  
S l  I 53 . 53 0 95 : 
9- . 91 6 9. 2 9. b 
97 I 97 1 91  9 94 2 
Y. ' *. b 91.9 ) I .?  
% Y  % 2  ¶ I ¶  9 1 1  
% b 1 91 1 q9.J 
9 1  91.1 9 3 1  1 2 6  
98 I 13 I 9: 4 31  1 
94 7 94.6 9, 3 91 1 
94.4 -4:  92 1 1, 4 
C.1 91 :  987 - 7  
¶ I  I .I 1 91 . .a . 
92 :  *:s 7 0 3  0 3 :  
9:: * : 1  I. m z  
9 2 .  9 1 9  e m 1  em9 
l I L  . I 2  - 9  n1 
w 6  - 6  12 1 7 1  
n c  W Y  1r9 
.*I s.1 I-, 8 6 5  
1 9 :  6 4 4  1 . 9  8 b 1  
n~ 1-1 r r  r r  
# . A  1 1 4  1 7 4  u s  
% a  I ~ O  n r  .?or 
9 1 4  9 1 9  1 1 1  ? a 7  
9. .. . 11 I .T ? 
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Table 6.1.11. Samples of  Data Printout for Test No. 22 (25 and 35 raph) 

9 . 2  
=.a 
II.9 
-.a 
a.1 
6.1 
0. I 
m.. 
-.a 
9 . r  
a.* 
64.2 
68.1 
R . 2  

R . 6  Q.9 

.(.I 
U. I 
97.4 

1 0 . 9  
la.. 
10.. 
112.1 
116.1 
n l . ?  
1a .a  
IP. I 
I%. I 
1-3 
16 .9  
1a.1 
1W.9 
1Q.J 
lU.1 
I-.. 
I7J.m 
In., 
W . 4  
IW.6 
I f l . 9  
1 9 . 1  
=.a 
- 1  
211.1 

0.1 
S . ?  
as4 
¶La 
rn.6 
U . 6  
U.1 
S . 6  
sl.6 
0 .3  
rn.2 
a . 6  
5 1 4  
74. I 
n . 6  
n . 2  
n.1 
m.1 
n . 2  
n . 9  
U.1 
1 . 1  
m.1 
n.1 
0. I 
n . 4  
U . 4  
u.l 
W.? 
u . 2  
72.1 
R . 2  
m.9 
69.t 
0.1 
-9.. 

cY.4 ??.S 

81.1 
m.6  
m.4  
n.1 
71.4 
1 . 1  

44 n.1 
11.1 n.1 
a . 4  n.1 
a . 1  n.1 
=.a 13.1 
4 . 4  n.r 
zz.1 n . 4  
4 . 9  n.1 
a . 8  a.1 
I?.$ 2a.4 
12.9 n.1 
0.1 9 . 5  
19.1 27 4 
0 . 5  47.1 
P.1 U . ¶  
?I .*  U . ¶  
a . 4  0 . 4  
m.0 U . 6  
61.1 u . 9  
P . ?  u . 3  
21.1 19.1 
Y . ?  19.6 
as.* m.1 
41.1 S . 6  
n.1 ,?.I 
m.? Q.7 
S.? P.1 
0 . 6  P.l 
11.2 0.1 
m.1 I . 0  
1.1 u.l 
Y . ¶  4 . 1  
X.l 48.1 
Y . 2  41.1 
4s.. e1.e 
l4.m .'.I 
a . 7  4 .I 
I? s A 

61.1 X . 1  
41.3 41.1 
Y - 6  dl.1 
9.1 41.1 
s.1 e . 0  
m.1 u.r 

71.6 u.1 
U . 6  V.1 
1.1 a.l 
U.1 U.1 
71.1 Y . 4  
4 . 9  6%. 
s . 4  m . 1  
66.1 ?I.. 
?c 4 94.7 
R 1 U . 1  
4 . 1  64.2 
Y . 3  U.? 

... 
i1.G i . 9 ;  3 . 9  1.: 
11.1) a n  mf .8  8.1 
11.22 4.s 311.9 a . l  
11.- & % 1W.7 W- 
1l.U U . 1 4  L3.3 1.1 
1l.m U.14  -.I 1.1 
14.m 4 .2s  m.1 1.1 
11.17 a.n 13 1.1 
1l.lY 0.- 16.2 1.1 
1I.21 0.U 21.1 1 1 
1 1 . n  o.a m 2 1.2 
1I.n U I 2  1J.5 1.1 
3 I . l?  47 'V R . 2  l.i 
11.22 47 w.a 1.1 
31.- 47 .. I.? 0.1 
1I.a 0.11 4.. # . I  
s1.21 u.x Y.U a.1 
1 l . n  @ . a  m 4 1.4 
11.29 u.a s . 1  m . 1  
11.17 U . X  Y b 1.1 
11.m u.m 62.1 1.1 
1I.P 0.U 66.1 1.2 
1l.B u . m  m.1 1.1 
I I J ?  U .42  77.5 1.2 
1 I J Y  0 . m  11.3 1.1 
11.- U.61 M . 9  1 , l  
11.m 4 . w  n?.? - , I  
I I .& U . C I  31 ? 1.1 
1I.U u.64 9s 0 0.2 
ILX u . 6 7  F.? r.? 
1I.Y U ?? 101.7 0.1 
11.34 U.U 117,s 18.1 
3l .X M . 3 1  111 1 R.1 
lI.E U 114.4 0 . :  
11.19 4 . 1 2  119.1 1.1 
11.- 4 . 1 1  121.1 1.1 
11.11 a . 1 1  1 1 . 9  b.1 

t i ?  %.i 
11.1 P . 4  
11.9 41.1 
V . 9  11.1 
m . 1  ¶z.? 
24.1 Y . 9  
21.9 n . 9  
Y f  ? Y4.Y 
35.1 Y ? 
r l . 2  3.. 
za.1 I?.¶ 
U . 9  V . 4  
44.1 n . 1  
11.1 n.1 
U.' n . 2  
33.7 u.1 
17.1 4 . 9  - 4 . 9  



Table 6.1.12. Samples of Data P r i n t o u t  fo r  Test No. 22  ( 4 5  and Max 
Speed) 

NLI 

mu 1.- 
e w  1 0 9  
1.80 1.c. 
9.- o n 
(r.w 1.m 
0 .m 1.m 
0.- 0.&7 
1.w 1.m 
1 08 1.08 
l .m 1.m 
0 m 0.- 
1 .1  1.1 
o n  1 C 3  
1- 1 1 3  
1.- 1.1 
# . I  1 m 
mw- 
1.m 1 oa 
1.- 1 .1  
* n  a r -  
t. ,I3 a b : ,  

U 14 11.46 4 l . U  1.3 
U.53 ' . . ¶ I  .:.I 1.1 
.U.X J1.bI 41.87 14.1 

65 3 1 . 6  41.25 21.4 
u.ar JI.U a 1 . n  n.9 
43.12 11.- 41.31 11.6 

n !I n rl Y .- 2 . i I , .  , 3, .I ,, *>.a 
43.24 11. 8 .1  41 W (15.1 
C' b I  1, :. I 41.L1 59.9 
A 1  06 I 1  51 .I 61 Gb e 
U 21 1 ,  lW 41 b4 7f .6  
JI.'.) 11 5J 4t.i( 8L.a 
4: 53 1s.61 41 T I  m.9 
.t 27 1 t . w  4 . c :  95.5 

5 6 

111 5 119 6 
i m . t  119 J 
I2 6 1 s  1 
119.1 121 5 
119.1 111 1 
120 5 I:. 6 
GW7 L2I.l 
120 6 120 I 
I72 1 121 1 
u1.a 121.1 
121.1 IY1.7 
122 1 12: 6 
1:s 2 121 2 
$ 2 ,  @ ::o 9 
121 5 1:a.t 
121 1 I22. l  
171 0 172.9 
022 I 12Z.I 
12. 1 12J.4 
1 7 4 7  IF 1 
I:, I t.6.J 
121 $ l:Z J 
121.5 121.4 
I19 6 1W.7 
I l l  9 119.2 
11? 1 117.9 
115.7 116.4 
, I ¶ #  1156 
1;4 9 115.1 
111 1 11. b 
I I d  1 111 6 
1 1 1  1110 
113 0 112.b 
112.6 111.4 
! I 1  I 111.6 
In) l I , ,  1) 

i l l  l l J  
I t s ?  1 1 9  4 
1.' (1 ,111 7 
I!, 1 I l l  9 
I 1 7 7  1144 
! I 6 6  ll:.J 
I t 7  I It3 -, 
111 1 111 L 

? 1 

0.3 I t r  8 
0.h 117.5 
1 2  Ill I 
0.1 111.1 
1 7 I11 2 
0 1  111 I 
0 2 Ill.. 
1.2 Lif I 
0 1  llC.9 
0 9  l!S.l 
9 s II!.l 
1 .2  I IS.1 
1 ?  Ill 2 
0 2  1lt .5  
0.1 115.4 
P.1 ll!.b 
I I 1 k . l  
0 2 I P . 6  
1.1 111.1 
P I 12: 9 
9.2 ,>. .0 
0 . 2  'I! 9 
1 2 I l t . 1  
@.I l lT .9  
P.2 111 1 
I 2  I Ie .9 
1.4 l K . 4  
0 2 11. 1 . 1 11. I 
0 .5  l l l . 9  
1.1 111.1 
0 .1  1ll.Y 
U.2 11, 2 
0 1  1 0 ' 1  
a t  l a 9  
. I 2  r *  4 
: . 1  11, 1 
I, 1 10. b 
8 t Id 5 
C 4 111 7 
0 2  I I  9 
0 1  I t  0 
1 1  I , ' #  
1 P 1 8 1  1 

116.; l lb .0  2% 9 
115.9 116 1 112.1 
I l a  2 116 I JZI.5 
116.2 1,s 1 117.6 
11s I 115 9 I J 
,,6 I I l I 1  2z.5 
1b .J  I l6 .1 $1 Y 
116.1 1161 6 9  
111.1 1111 ' $ 9  
111.. 116.1 m 1 
I16 J 116.1 U.9 
116 6 116.4 n 3 
L I T  7 116.5 I- 1 
11.6 I16.4 I l8. t  
l l b  ? 116 5 111 9 
$16 116 6 142.9 



6.2 MEASURED DATA-DRIVING CYCLE TESTS 

I n  accordance w i t h  paragraph 5.3, Schedule B, C,  and D d r i v -  
i n g  c y c l e  t e s t s  were run,  bo th  w i t h  and wi thout  regenera t ive  braking.  
I n i t i a l l y ,  n ine  tests were performed - two Schedule C tests wi th  and 
- r i thout  regenera t ive  braking,  two Schedule B tests without  r e g e n e r a t i v e  
braking (one complete and one incomplete t e s t ) ,  two Scheduled B t e s t s  
wi th  regenera t ive  braking (one complete and one incomplete t e s t j ,  and 
a t h i r d  regenera t ive  C test which -?as run because of t h e  g r e a t e r  than 
1 0  percen t  d i s p a r i t y  between t h e  i ~ i ~ t  cwo. 

1.n t h e  course  of t h e s e  n ine  t e s t s ,  an ins t rumenta t ion  e r r o r  
went undetected whereby t h e  motor armature v o l t a g e  was sensed r a t h e r  
than t h e  t o t a l  a o t o r  vol tage.  Upon c o r r e c t i n g  t h i s  cond i t ion ,  a group 
of s h o r t  " c a l i b r a t i o n "  t e s t s  w a s  run (22F through 22L). 

Figures  6.2.1 and 6.2.2 d i s p l a v  t h e  d r i v i n g  speed p r o f i l e s  
and range and energy consumption r e s u l t s .  St r ip-Char t  samples a r e  
recorded speed and displayed i n  F igures  6.2.3 through 6.2.7. The 
r e s u l t s  o f  aJ.1 14 t e s t s  a r e  displayed i n  Table 6.2.1. 

Samples of d r i v i n g  c y c l e  computer printouts ;ire included i n  
Tables 6.2.2 through 6.2.14. 

P l o t s  of motox and ambient temperature v s  t i m e  a r e  incladed 
i n  Figures  6.2.3 through 6.2,6. 

Records of s p e c i f i c  g r a v i t i e s  a r e  included i n  Appendix I. 

Computer generated p l o t s  of speed and e l e c t r i c a l  d a t a  a r e  
included i n  Figures  6.2.7 through 6.2.10. A l l  of t h i s  d a t a  was ob ta ined  
d i r e c t l y  from d a t a  t apes  which were recorded dur ing t h e  tests. 

Addi t iona l  t e s t s  were performed which included t h e  follow- 
i n g  : 

Tes t  29 -- Schedule C,  no regenera t ive  t r a k i c g ,  LEV-115 
b a t t e r i e s  and S o l i t r o n  t r a n s i s t o r s  

Tes t  30 - Schedule C ,  w i th  r e g e n e r a t i v e  braking,  LEV-115 
b a t t e r i e s  and S o l i t r o n  t r a n s i s t o r s  

Test  24 - 5 c y c l e s  of Schedule D ,  no r e g e n e r a t i v e  braking,  
EV-106 b a t t e r i e s  and 2N6251 t r a n s i s t o r s  

Tes t  26 - Repeat of Tes t  24 

Tes t  27 - Repeat of Tes t  25 

Test  31 - 5 cyc les  of Schedule D,  without r e g e n e r a t i v e  
b r a k i r g ,  followed by 5 c y c l e s  of Schedule D wi th  
r e g e n e r a t i v e  braking,  LEV-115 b a t t e r i e s  and 
SDT-12302 t r a n s i s t u r s .  



The r e s u l t s  of  t h e s e  t e s t s  a r e  summarized i n  T a b l e  6.2.1A. 
I n  a l l  of t h e s e  tests, t o t a l  motor v o l t a g e  was sensed .  No compu ta t ions ,  
based  on Tab12 6.2.1A d a t a ,  were performed i n  pa rag raph  7 .1  



TIME (seconds) 

Figure 6 . 2 . 1 .  SAE J227a Driving Schedules B and C 

RANGE MILES PER KWH 

SCHEDULE B SCHEDULE C SCHEDULE B SCHEDULE C 

7 

Figure 6 .2 .2 .  Range and Miles per KWH for B and C Schedules. Average 
Improvement Duc to Regenerative Braking is: Schedule B 
Range - 46%,  Schedule B Energy - 22%, Schedule C 
Range - 24%, Schedule C Energy - 14% 



F i g u r e  6.2.3. S t r i p  Char t  Speed Samples from T e s t  1 2 ,  Schedu le  C 
w i thou t  Regene ra t ive  Braking  (Cycles  2  and 6 ) .  Time 
Axis Reads from Right  t o  L e f t  w i t h  Each Minor D i v i s i o n  
Equal  t o  One Second. Minor D i v i s i o n  of  Speed Axis 
Equals  One Mile  Pe r  Hour. 
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F i g u r e  6 . 2 . 4 .  S t r i p  Chart Speed Samples from T e s t  13 ,  S c h e d u l e  C w i t h  
R e g e n e r a t i v e  Braking ( C y c l e s  109  and 1 1 3 )  



Figure 6 . 2 . 5 .  S t r i p  Chart Speed Samples from Tes t  1 7 ,  Schedule B with  
Regenerat ive  Braking (Cycles  169 and 172) 





Figure 6.2.7. Strip Chart Speed Samples from Test 25, Schedule D 
with Regenerative Braking (Cycles 3 and 4) 



TlME ( m i d  

Figure 6.2.8. Motor Case and Ambient Temp. vs Time for Test Yo. 17, 
Schedule B with Regenerative Braking. 

TlME (min: 

Figu re  6 . 2 . 9 .  Motor Case and Ambient Temp. vs Time for Test No. 1 9 .  
Schedule C wjthout Regenerative Braking. 



Figure  6.2.1.0. Motur Case and Ambient Te-np. vs  Time f o r  T e s t  Xo. 20 ,  
Schedule B w i t h o u t  Regenerat ive  Braking. 

COOLING PERIOD 

20 - 
15 - 

10, I I I I I 1 I I I I I 1- 

TlML (mln) 

0 20 40 60 80 100 120 140  160 180 200 220 240 760 280 300 320 340 360 380 

Figure  6.2.11, Motor Case and Ambient Temp. vs Time fo r  T e s t  No. 7 1 ,  
Schedule C wi th  Regenerat ive  Brbking. 



F i g u r e  6.2.12. Conpute r  P l o t  o f  Speed v s  Time f o r  T e s t  22. S c h c d u l n  
C w i t h o u t  R e g e n e r a t i v e  B r a k i n g .  3 a t a  P o i n t s  a r e  from 
C y c l e s  7 ,  8,  9 ,  10, and il. L i n e  is  o b t a i n e d  by "X-Y 
F i l t e r  Func t ion"  a p p l i e d  t o  d a t a  p o i n t s .  





0 . 8  
T I M E  

Figure 6.2.14 Complete Plot  of Battery Curren: V s .  Time for Test 22 - 
Schedule C Without Regenerative Braking. Data Points 
are from Cycles 7 ,  8 ,  9 ,  10, and 11. Line 1s Obtained 
by "X-Y F i l t e r  Function'' Applfed to Data Points 



8 . 8  d.2 0.4 0 . 6  0 . 8  1.0 1 .2  
NORMRLI IED  TIME ( M I N I  

Figdre 6.2.15.  Computer plot  of Motor Voltage v s  Time for Test 22. 
Schedule C without Yegenerative Braking. Data points 
are from Cycles 7 ,  8 ,  9 ,  10, and 11. Llne is obtained 
by "X-Y Fi l t er  Function" applied t o  data points.  
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T a b l e  6.2.2. Samples  of D a t a  P r i n t o u t  f o r  T e s t  No. 1 2  ( 2  Cycle, 
no Regen Br! 

111.1 111.) s11.5 IU.l  
I#¶.? - m.r a . 4  
111.2 114.1 m.? u . ?  
146.1 113.0 ?.9 W.1  
lU.4 IP.5 fl.? Y.l 
I - - n.? 
111.. m . 9  1.9 n.r 
1m.9 121.2 1.1 U.1  1n.1 121.r 4.1 n.? 
116.4 1 1 . 1  U.6 - 
126.1 lS .1  9 . 6  1.6 
11.6 1 2 ( , ?  9 . 7  I.¶ 
l a c ,  lX.1 sl.9 1.1 
w . 1  12?4 s.1 1.1 
1n.1 1n.2 w.9 1.6 
1 1 . 1  m.1 68.1 1.4 
I*.¶ WP.5 68.1 8.4 
l2?.¶ 117.6 a.l 1.4 
121.1 In.? o.1 1.4 
127.6 127.1 6t.V 1.4 
1??.1 1n.9 61.6 1.4 
w . 9  128.1 *I.? 1.4 
lS .1  IS.1 P.9 1.4 
1 x . s  1 a . 1  64.4 a . l  
129.7 119.4 PZ.4 ¶¶ ? 
l l i .¶ 111.6 V. l  I S . 1  
11S.1 116.2 104.6 4b.8 
Ill.? 111.2 llS.4 s.1 
112.4 111.1 11.9 1m.1 
*.a m . 7  lQ.1 u.l 
111.6 1S.l  lW.6 01.r 
119.9 12s.: 1 e . s  11.2 
I##.? IN.1 1m.7 11.1 
111.1 1m.1 1 x 8  11.2 
lW.4 IS.# 1S .1  11.) 
1 a . 1  m . 8  191.¶ 1 4 
1 x 4  1X.S W1.S 1.4 
l x . 9  I*., tS .1  1.1 
tn .2  1 n . t  192.5 1.6 
127.1 127.2 193.1 1.5 
127.5 lZr.3 194.2 0 . .  
13.3 IW.4 194.2 1.4 
127.6 m . 6  194.2 g.4 
In.6 127.7 194.4 1.1 

a.6 z.? 1.1 1 4 
11.4 U.7 1.1 1V.2 

IU.7 111.8 1.1 nu: 
&.I l U . l  1.2 u- 

1.6 1.1 1.1 ¶I 4 
m1.9 a 1 . o  2.1 211.4 
ln .4  W4.9 1.1 W.- 
11.2 m.2 6.1 In..' 

1a . s  n.1 6.1 *..I 
1 . 6  n.1 6.1 Y. I 
¶#.? m.1 6.7 X nm 
41.4 75.1 6.S ?j I 
a . l  ?(.I 7.1 x I 
1.1 1.4 6.1 # 1 
3.4 1.4 6.6 1 . 8  
1.I 3.7 6.6 1.1 
3.3 3.1 6.5 1.1 
1.6 1.) 6.1 0 I 
1.6 3.7 6.6 0.  I 
7.6 1.6 ;A 1 I 
2.9 1.2 6 4  1.4 
1.2 1.3 6.0 1.1 

KC.C 11S.C WI WI 
rn mm 

-7 Nlm m m  rmP 

11 I, I2 11 



Table 6 . 2 . 3 .  Samples of Data Pr in tou t  f o r  Test No. 13 ( C  Cycle, 
with Regen Br) 



Table 6 . 2 . 4 .  Samples of  Data Printout for Test No. 15  (B Cycle, 
no Regen Br) 



T a b l e  6.2.5. Samples  of Data P r i n t o u t  f o r  T e s t  No. 16 (B Cycle, 
w i t h  Regen Br) 

ELCLSED wr &In uu mr ran ran +r r l -  
11- b n r  rw; m n  r r r  nr nr ran  r v  

L W l L  f l L  Dl- FlL W l L  f I L E D C  *I- 

- F . I - . . .  



Table 6.2.6. Samples of Data Printout  for Test  No. 17 ( B  Cycle, 
with Regen Br) 



Table  6.2.7. Samples of Data Printout fur Test No. 1P (C Cycle, 
no Regen Br) 

*c.t *S.C Y* Y* 
m rmon 

n . 7  mnw mm m m  
I1 I 1  12 13 

earn 1m1 
w *t 
FIL W t L  

ILMD #an wn Y U  mr 
I I ~  wxi G ~ T  mm HLT 

W I l  F l i  D l X *  F lL  

nrnr m m n  u n  mT 
TI* mr WLT m m r  

L I l L  F l L D I S U  F I L  

n l h u r :  1 2  1 4  

9 8 1 1 124 1 124.5 I?¶.. 1 . 4  
9 8 4 . 1  124.4 124.a la.1 #.a 
9 I 7.2 124.5 124.5 l m . 7  1 . 4  
9 818 2 124.4 123.7 1 3 . 7  11.7 
¶ : I 3 4  121.0 119.1 117.6 U.l 
9 : I6  6 117 3 115 6 2 . 1  76 1 
9 r l? .8  111.1 111. 11 .1  111.5 
9 12.' 1 122 I 122 9 38 1 54.6 
9 'X.1 l I 3 . 1  tw.4 a 1  1- 4 
9 129 2 128 I 127 1 13.2 2M 6 
9 . 3 2 d  I19 1 1 1 0 5  60.5 ? I 1  
Y : I 5 2  I19 6 I19 1 75 2 67 .7  
9 '38 4 I 1 1  6 I19 7 U.l bb.9 
9 $41 6 ! I n  2 119.7 87 4 I.. 
3 f U . 0  112 6 119.1 B . 3  7 t .5  
9 :47 e b21 0 121 e I U . 7  I 7 
9 L51 8 123.6 123 7 182.1 1 l 
9 54 2 12a 8 I23 3 181.6 1.2 
9 5 7 . 4  I23  9 :23.9 103.4 1 8 

ID 8 8.4  124 I 124.1 la3  6 1.7  
11  . 3.6 123 9 124 I 184.1 1 . 4  
11  3 6 1 I24 I IN I 184 1 8 . 4  
I 0  210 1 I24 2 I 2 1  1 IS I 1.1 
10 r l l  1 124 4 I24 I l H . 6  1 . 2  
l(I 116 2 124 4 124.1 IS., 1 . 4  
11 719 d 124 5 124 5 117.6 1 . 4  
I 8  '22  6 124 5 124.4 107.4 # .#  
11 : n . a  124 4 124 4 111 8 1 . 4  
II :n 6 124 124 4 I n . #  1 . 4  
I 0  811 1 b22 5 I19  6 112.5 33 2 
18 8x5 1 111.5 115.1 I 2 2  * .Y 5 
I1 8 %  a l U . 9  I I I  3 1 m . b  117.8 
I ?  8.1 2 ,I* I 11.2 l ¶ l . l  1- I 
I 0  .44 4 :C9 5 ILJ I IU 3 111 2 
10 : u b  I Z I  2 I:! I W . ~  r 
11 1% 6 n o  2 111 7 111 1 n I 
,a :s: 8 ,? I  ? I:? 4 tm 1 55 8 
10 57 8 IT$ ; I I Q  9 3 1  2 I , ,  I 
I I  8 2  1 1 0 1  I 2 J 5  m1 n m  
I 1  r I 4 -- b * U  2 .b&7 70 3 
11 t 6 4 129 7 l ? l  6 221,: 2.9 
l I 8 9 C  I::? 1 . 5  2 2 2 ?  I 4  
I, I 1 2 1  I 7 i C  I . . *  I 3  
I 1  816.1 - - 224.1 I 1 



Tab le  6.2.8. Samples of Data  P r i n t o u t  f o r  T e s t  No. 1 9  (C Cycle,  
wi th  Rege? Br) 

9.m 19.97 am.# 11.5 
9 .U  a . 8 8  I S . 6  14.1 
3 . u  19.w w . 9  .?.a 
1.8s I8.u am.# 17.1 
9.m 28.12 m . 9  1?.1 
9.w 28.21 m.1 17.4 
9.1 a.n m.1 17.4 
9.94 a.4 m.1 17.1 
9.m a.u n9.a 1t.s 
9.- a . 6 4  W . 7  17.3 

11.11 a . 7 1  X1.6 71.2 
11.11 a n x s . 6  81.7 
11.a am z n . 1  u.4 
mu am n 2 . 7  u.1 - :1.u I*.? *.a 
I1.N 2 I .U  U1.a 13.1 
11.11 21.11 sm.7 11.1 
18.17 11.17 Ml.1 17.9 
11.14 - 5.3 11.3 
I@.M a . 3 7  11.1 11.1 
11.12 a.s¶ 16.1 13.1 
11.m a .91  11.7 13.1 
11.- - - U.4 
11.88 a.1 28.1 u I 
11.U 28.- a.1 U.4 
11 .a  am a.l Yn.9 
1n.m a.a 28.: - 
9.- a.a 28.1 lU.6 

11.11 Z#.K 21.6 185.7 
9.94 2 8 . 1  37.3 W . 5  
9.94 28.97 17.5 117.1 
9.94 I1 .N  Y.5 W . 1  
9.94 a1.19 n . 5  1w.1 

m a 7  21.39 37.3 1m.m 
9.36 21.- 37.5 117.1 
9 .w  2 1 . s  n . 5  1u.2 

11.11 11.6¶ 41.6 1 P  7 
9.76 2 l .U  3 . 6  I.%.¶ 
9 9Y 21.88 71.1 133.2 

10.11 11.91 M.7 1 2 . 6  
9 . x  1 l . N  m.9 131.4 

1%01 11.83 188.2 I3.Z.C 
,.an 21 .n  1m.s 1 r . 6  
9.% 11.69 llS.1 1l2.4 



Table 6 . 2 . 9 .  Samples o f  Data Printout f o r  Test 30. 20 ( B  Cycle, 
no Regen Br) 

m.: *;.c w urn 
m na 

*.'I m m  mrn m m  
11 I1 I2 '1 

m rn WI IQT 
Hw W m n  ars 

UFlL  ill. rrOlC FIL 



T a b l e  6.2.10. Samples  o f  Data P r in tou t  f o r  T e s t  No. 2 1  (C Cycle, 
with Regen Br) 

S V U V ~  U S ~ T S .  - = n . t  a d w -  I 

m m  w rr r m  = c l r . c  w ur mu- r s  
a w m  w usp m m I, a a t -  

wn rK POC e n  wn ..CT mu m l ~ l  m m  I& wk 111 

17.1 sa.1 U.S 11 1 a.= 11.m U.I n . 6  1n.1 1.1) 1.1 LII 
m.5 n . 9  1m.8 6 1 s  m.14 8a.a  ma a.1 us.1 -1.u +.a a.- 

3 1 1.1 1m.1 9.r m.n 11.- n.sa m . ~  1n.1 -1.89 4.- a . m  
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6.3 MEA!jURED DATA - ACCELERATI9N TESTS 
The tept schedule at Dynamic Science did not provlde 

sufficient time for the execution of acceleration tests as per section 
5.4 Data, hovever, was obtained from a toral of eight Schedule D cycles 
wherein maximum accelerations were used in an attempt to meet the 
schedule profile requirements. 

Acceleration data with EV-106 batteries and RCA 2N6251 
transistors is listed in Table 6.3.1; runs 1 and 3 are downhill on the 
north stretch of the track -ad runs 2 and 4 are uphi12 on the south 
stretch of the track. Tb;. data was extracted from the first four 
cycles of Test Yo. 24. 

Acceleration data with LEV-115 batteries and Sofftron 
SDT-12302 transistors is listed in Table 6.3.2; runs 1 and 3 are 
downhill and runs 2 and 4 are uphill. This data was extracted from the 
first four cvcles of Test No. 31. 

All data listed in Section 5.4.3 was recorded with the 
exception of battery amp-hours. 

6.3.1 Test Weight 

Gross vehicle weight for 'lest No. 24 was 3288 Lb. 

Gross vehicle weight for Test No. 31 was 3365 lb. 

6 . 3 . 3  Xeasnred Kind SpeeJs 

Wind speeds f,>r Lest No. 24 did not exceed 10 mph. 

Wind speeds for Test No. 31 did not exceed 5 mph. 

6.3.3 Ambient Temperatures 

Data Logger recorded ambient temperatures ranged as Follows: 

83.3"F (28.5"C) to 84.2"F (29.0°C) for'Test No. 24 

72.3"F (22.38OC) to 73.5OF (23.0°C) for Test No. 31 



Run No. 1 

Table 6.3.1. Uncorrected Acceleration Data Proa Data 
Logger System (Test No. 24) 

I Run No. 2 

- 

Run No. 3 

1.87 5.24 126.9 70.9 1.4 
5.07 14.21 115.7 136.0 13.i 
8.07 20.73 113.2 173.9 27.6 
11.2i 25.28 118.3 119.8 42.1 
14.47 30.50 113.7 183.0 57.4 
17.67 33.18 116.4 151.3 76.2 
20.67 37.03 114.8 204.8 89.8 
23.87 40.75 113.5 199.3 111.1 
27.07 42.98 115.1 173.4 129.6 

Batt. 
Energy 
(-1 

r 
Computer 

T h e  
Speed 
(mph) 

Elapsed 
Time 

(sec.) 
k t c r  
Volts 

Batt. 
Volts 

Hotor 
~ P S  

Batt. 
Amps 

Hotor 
Energy 
b-hr) 



Table 6.3.1. Uncorrected Acceleration Data from Data Logger 
System (Test No. 24) (Continuatioa 1) 

Run So. 4 

Computer 
Time 

Elapsed 
T h e  
(sec.) 

Motor 
Volts 

Motor 
Amps 

Speed 
(mph) 

Batt. 
Amps 

Motor 
Energy 
(w-hr) 

Batt. 
Volts 

Batt. 
Energy 
W -  



Table 6.3.2. Uncorrected Acceleration Data from Data Logger 
Systen (Test No. 31) 

Elapsed Batt. Motor 
Computer Time Speed Batt. Batt. Energy Motor Motor Energy 

Time (sec.) (mph) Volts Amps (w-kr) Volts Amps (w-hr) 

Run Yo. 1 

1.26.3 1.8 1.5 
120.0 102.9 2.3 
113.3 199.4 17.5 
114.0 12.5 36.4 
111.0 217.2 48.3 
112.2 163.7 66.8 
123.5 169.8 80.2 
110.1 216.2 98.8 
111.2 184.9 118.8 
112.4 165.9 136.0 
113.3 96.0 153.3 

66.4 
207.3 
216.7 
13.7 

208.5 
158.3 
207.3 
211.6 
l e i .  0 
163.7 
53.6 

Run No. 2 

-- 
Run No. 3 



Run No. 4 

110.5 190.0 
111.5 174.7 
112.1 163.9 
112.7 1 157.8 - 

Table 6.3.2. Uncorrected Acceleration Data from Data Logger 
System (Test No. 31) (Continuation 1) - 

Motor 
Energy 
Cta-hr) 

Computer 
Time 

Motor 
Volts 

Motor 
Amps 

Batt. 
Energy 
(w-hr) 

Elapsed 
Time 

(sec.) 
Speed 
(mph) 

-- 

Batt. 
Volts 

Batt. 
Amps 



6.4 MEASURED DATA - COAST-DOWN TESTS 

Tests were conducted in accordance with Section 5.5 of the 
report  and Section 2.8.6 of ERDA document MV-TEP (May, 1977). On 
March 15, 1977, a t c t e l  of ten coast-down t e s t s  were run on the  North 
St re tch  of Dynamic Science's Oval Track; sir t e s t s  were run e a s t  t o  
west and four tests were run west t o  east .  Each of the  e a s t  t o  west 
tests was s t a r t ed  a t  a green marker reading 0.8 m i . ,  and each of the  
west ?o eas t  tests was s ta i f .23  a t  a green marker ieading 1.4 m i .  (From 
crude measurea~eats made by Rippel, it was determined tha t  the  0.8 m i  
marker'corresponds t o  the  3234 foot  mark on the  t rack  survey, while the  
1.4 mi marker corresponds t o  the  66 foot  mark on the  t rack  survey.) 
Peak wind speeds, a s  recorded at  the  vehicle shed did not exceed 5 mph 
duri.ag the  tests. Ambient temperature were approximately 65'F. 

Speed-tke data  w a s  recorded both on the  Data Logger System 
and on a S t r i p  Chart. See Table 6.4.1 fo r  da ta  recorded on the  Data 
Logger System, and see Table 6.4.2 f o r  S t r i p  Chart data. See Table 6.4.3 
for  t rack survey generated by Dynamic Science. 



900-850 

Table 6.4.1. Uncorrected Coast-Down Data from 

Run Na. 1 
(East to West) 

Elapsed Time 
(sec . ) 

Speed 
bph) 

Data Logger System 

Run No. 3 
(West Run to East) 1- (East to West) 

Elapsed Time 
(sec . ) Elapsed rime Speed 
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Table 6.4.1. Uncorrected Coast-Down Data from 
Data Logger System (Continuation 1) 

Run No. 4 
(West t o  East) 

Run No. 5 
(Eaot t o  West) 

Run No. 6 
(west t o  East) 

Elapsed Time 
(sec . ) Speed 

bph)  
Elapsed T h e  

{sec . ) Elapsed Time 
bet . Speed 

b ~ h )  

Run No. 9 
(West t o  East) 

Elaglsed Time Speed 
(SZC. I b p h )  

- 
Run No. 7 

(East t o  West) 

7 

Run No. 8 
(East t o  West) 

Elapsed Time 
(sec . ) 

0.0 
3.0 
6.2 
9.4 

12.6 
15.6 

Elapsed Time 
(aec. ) 

0.0 
3.2 
6.2 
9.4 
12.6 
15.8 

Speed 
(mph) 

41.17 
40.74 
39.19 
38.11 
36.99 
35 .95  

- 
Speed 
b p h )  

24.43 
23.67 
22.85 
23.13 
22.61 
22.16 
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Table 6.4.1. Uncorrected Coast-Down Data from 
Data Logger System (Continuation 2) 

- - 

Run No. 7 (cont) 
(East to West) 

Elapsed Time 
(sec . ) Speed 

bph) 

35.42 
34.29 
33.50 
32.03 
31.26 
30.86 
29.82 
29.56 
28.37 
28.33 
27.03 
26.36 
25.67 
24.26 
22.91. 
23.54 
21.78 
20.15 
17.60 

Run No. 8 (cont) 
(East to West) 

Elapsed Time 
(s= 

Run No. 9 (cont) 
(West to East) 

Elapsed Time 
(sec . ) 

Run No. 10 
(East to West) 

Elapsed Time 
(sec . ) 
0.0 
3.2 
6.4 
9.6 
12.6 
15.8 
19.0 
22.2 

Run 110. 10 (cont) 
(EEs~ to West) 

Speed 
bph) 

14.59 
14.12 
14.31 
13.26 
13.52 
13.11 
12.90 
12.20 

100.4 4.30 
125.4 
166.4 1.01 

Elapsed Time 
(sec. ) 

37.6 
40.3 
44.0 
47.2 
50.2 
53.4 
56.6 
59.8 

Run No. 10 Ccont) 
(East to West) 

6-52 ' 

- - 
Speea 
bph) - - 
10.31 
10.00 
9.50 
9.15 
8.98 
8.78 
8.49 
8.37 
7.51 
7.27 
6.67 
5.56 

Elapsed Time 
(sec . ) 
75.2 
78.4 
81.6 

25.0 
28.2 
31.4 

- 34.5 

Speed 
(mph) 

6.26 
6.05 
5.67 

84.8 

91.3 
94.2 
97.4 4.71 

11.84 62.8 
11.49 66.0 
11.42 
11.15 

69.2 
72.4 
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Table 6.4.2. Coast-Down Data from S t r i p  Chart 

Run !lo. 1 
(East t o  West) 

Elapsed Time 
(sec . ) Speed 

(mph) 

50.2 
48.1 
45.8 
43.2 
40.7 
38.7 
36.8 
35.0 
33.4 
31.8 
30.2 
28.5 

Rcn No. 2 
(West t o  East)  

Elapsed Time 
(sec . ) Speed 

b p h )  

44.9 
40.9 
37.0 
33.6 
30.0 
26.8 
23.6 
20.5 
17.6 
15.1 
12.5 
10.2 

8.0 
5.8 
3.6 
1.4 - 
0.0 

Run No. 3 
(East t o  West) 

Elapsed Time 
(sec . ) 

Run No. 6 
(West t o  East)  

Run Yo. 4 
(West t o  East)  

Elapsed Time 
(sec . ) -. 

0 
5 

1 0  
15 

Run No. 5 
(East t o  West) 

Elapsed Time 
(sec . ) 

0 
5 

10  
15 
2 0 
2 5 
30 
35 

Speed 
(m~hl 

44.9 
41.3 

? 4 . i  

Elapsed Time 
(sec . ) 
0 
5 

1 0  
15 
2 0 
25 
3 0 
35 

Speed 
(mph 

44.3 
40.4 
36.7 
33.1 
29.9 
26.7 
23.6 
20.8 

4 0 

7 5 
ao 

- 

20 
25 

38*1 I i I 
L 

30 2 I 
3 3 i .  5 

Speed 
b p h )  

39.2 
37.6 
35.7 
34.1 
32.5 
31.1 
29.7 

40 
4 5 
50 
5 5 
6 0 
6 5 
7 0 

18.1 
15.6 
13.0 
10.7 

8.6 
6.4 
4.6 
2.6 
0.4 

?/.2 4 0 .l 0 :, 
26.5 
28" I 45 I ;. 

25.5 5 0 I 

I 
ire \ J  

8.9 
6.8 
4.7 
2.2 
0.0 

24.4 
23.2 
22.1 
21.0 

5 5 
60 
b 5 
7 0 
7 5 
00 
8 5 
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Table 6.4.2. Coast-Down Data from Strip Chart (;Continuation 1) 

Run No. 8 I Run No. 8 Cconr) 
(East to West) @ast to West I Rcn No. 7 

(East to West) 

Elapsed Time 
(sec . ) 

' Speed 

bph) 
Elapeed Time 

(see. ) 
Speed 1 Elapsed Time 

(sec . ) 

22.5 8; 
21.7 
20. :J 95 

Speed 
(~PW -- 
14.3 
13.6 
13.4 
12.5 
11.9 
11.4 
10.9 
9.9 
8.9 
7.8 
7.0 
6.0 

Run No. 9 
(West to East) 

Run No. 10 Run No. 19 (cont) I 

Speed 

4.1 

3.1 
2 . 3  

0.6 
0. 3 

Speed 
(mph) 

49.6 
1.3 

41.2 
37.5 
34.1 
300 9 
27.9 
25.2 
22.4 
20.0 
17.7 
15.4 
13.2 
11.0 
8.5 
6.3 
4,O 
1.8 
0.0 -- 

- - 

Elapsed Time Speed 
b p h )  --- 
14.9 
14.5 
14.1 
13.7 
13.3 
12.9 
12.3 
11.6 
11.0 
10.4 
9.7 
g r  0 
8.6 
8.1 
7.5 
6.8 
6.3 
6.0 
5.6 

Elapsed Time 
csec. 

Elapsed Time 
Csec. ) 



Location 

900-850 

Table 6.4.3. rrack Survey Data 

:leva t ion 
(it) --- -- 
2 . 3 5  

2 . 9 2  

3 . 5 8  

4.58 

5.19 

5.75 

6.38 

7 .35  

8 . 2 3  

8 . 7 3  

9 . 2 9  

10 .27  

11.2'  

1 2 . 0 0  

12 .63  

13 .60  

14.62 

15.13  

i 5 . 7 5  

16 .67  

17.58 

1 8 . 1 0  

18 .68  

1 9 . 3 8  

-- 

- 
1 

Average Grade , 



900-850 

T a b l e  6.4.3. Track Survey  Data (Continuation 1 )  

Survey 
Location 

(ft) 

2400 
2450 
250i) 
2550 
2600 
2650 
2 700 
2750 
280G 
2P: , 
L9i5 
2950 
3000 
3050 
310C 
3153 
3200 
3250 1 3300 

Hstaacc from 
1.4 m i  Marker 

(ft) 

2334 
2384 
2436 
2484 
2534 
2584 
2634 
2684 
27 34 
2784 
2834 
2884 
2934 
2984 
3034 
3084 
3134 
3184 

Average Grade 
becween Surveys 

.54? 

.438 

.875 

.87 5 

.792 

.833 

.750 

.171 

.500 

E l e v a t i o n  
( f t )  

20.10 

20.65 

21.08 

21.96 

22.83 

23.63 

24.46 

25.21 

25.98 

26.48 3234 1 

Distance from 
.8 mi Marker 

(ft) 

834 
784 
7 34 
6 84 
634 
584 
534 
4 84 
4 34 
384 
334 
284 
234 
184 
134 

84 
3 4 

-16 
-66 



6.5 W U P B D  DATA - YBIaT SERSITIVITT TESTS 

6.5.1 Cooclturt Speed Teats 

tests were couducted u per Section 5.6.2. 

&mured Wo - 3288 lb;  reamred tire p r e s a u n s  Hcre 28 PSI 
for  front  t i r e s  and 37 PSI f o r  rear tins. Ambient t a p e r a t u r e s  ranged 
between 57*F and 80'): during the tests; viaB ve loc i t i e s  were belw 10 mph 
with occasional g u t s  reaching 15 mph. Data is s-rized i n  Table 6.5.1. 

6.5.2 Driving Cycle Tests 

Tests were conducted as per Section 5.6.3. 

Measured Uo = 3288 Ib; measured t ire pressures were 28 PSI 
for  f ront  t i r e s  and 37 PSI fo r  rear tires. Ambient temperature ranged 
between 57.P and 80.P d u t i ~ g  the  t ea t s ;  wind ve loc i t i e s  were below 10 mph 
with occasional gusts  reaching 15 mph. Data is sumsarized i n  Table 6.5.2. 



- 
Run 
No. - 
1 

7 - 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

2 0 

2 1 

22 

23 

2 4 

25 

2 6 

2 7 

2 8 

29 

- 

Date 

900-850 

Table 6.5.1 Constant Speed Weight Secsitivity 

Speed, 
Gear 

Batt. Disch. 
Enc rgy (WH) 

562.5 

477.3 

442.6 

530.6 

448.0 

416.0 

525.3 

448.0 

418.6 

498.6 

432.0 

406.6 

571.8 

547.9 

466.6 

400.0 

375.9 

533.2 

453.2 

381.2 

350.6 

517.2 

435.9 

374.6 

343.9 

531.9 

449.2 

383.9 

355.9 

-- 
Energy to 

Motor (W)r 

506.6 

416.0 

362.7 

484.0 

392.0 

340.0 

478.6 

393.3 

342.6 

453.3 

376.0 

329.3 

561.2 

439.9 

461.3 

395.9 

373.5 

526.5 

447.9 

375.9 

342.6 

510.5 

429.2 

369.2 

335.9 

525.2 

442.6 

378.6 

347.9 

A.H. 
Disch. 

Fifth Wheel 
Feet 

*In tests one through twelve, motor energy was measured at armature and 
does not include field losses. In tests thirteen through twenty nine, 
total motor energy was measured (including f i e l d  circuit). 
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7.1 REDUCED DATA - CONSTANT SPEED TESTS 
Data E r a  Table 6.1.1, along with instrument correction 

factors, will now be used to compute energy and efficiency parameters. 
These computations, along with the corrected primary data, are sumarised 
in Table 7.1.1. Corrections and Computations are as follows: 

7.1.1 Average Speed .Achieved -1) 

Vith each of Constant Speed Tests (Nos. 2 through 9 ) .  com- 
puter computations vere performed to provide various derived quantities, 
one of which was "mean ve!.ocityW. The mean velocity was cmputer- 
calculated by averaging ell recorded speed numbers. Due to finite 
acceleration and deceleration times, the resultiny! calculation should 
be slightly low. 

All speed data ?tinted by the computer was low by a factor 
of 1.045 due to use of an incorrect scale factor. (See Section 4.4.1.4.) 
Accordingly, the mean velocity print-outs were multiplied by 1.045 to 
give corrected values of "~verage Speed Achievedtt. 

In the case of the "Calibration Tests" ('10s. 22A through 
22E), average speed was computed by hand averaging a number of evenly 
spaced printed velocities and correcting by 1.045 factor. 

7.1.2 Distance 'Traveled (2) 

W t h  each of the tests, distance measurements were obtained 
from the Nucleus Distance Totalizer; no correction factors were employed. 
With Tests 2 through 9, distance includes acceleration and deceleration. 
With calibration Tests 22A through 22E, the Totalizer was enabled at a 
specific location - after achieving constant speed. After exactly two 
laps, the distance counter was switched off. Since the Totalizer 
W t c h  was ganged with enable switches for the Current Integrator and 
the Energy Counter, corresponding Amp-Hour and KWH measures were 
06 tained. 

7.1.3 End of Test Battery Voltage (3) 

This value is the last entry recorded (on tape) prior to 
deceleration. 

7.1.4 Discharge Amp-Hours 

This value was taken directly from the Current Integrator; 
no corrections were used. 

7.1.5 Discharge KWH ( 4 )  

This value was taken directly from the Battery Discharge 
portion of the Energy Counter. Values listed are counter increments 
mltfplied by 0.01333. 



7.1.6 Discharge KWH, corrected (5). 

In accordanca with l ines  1 and 2 of Table 4.6.2 (Energy 
Counter -1. Test) ,  a co r r ac t i on  f a c t o r  of 1.316/1.333 = 0.9870 was used 
f o r  each of t he  14 eatries. 

Thirr va lue  was taken d i r e c t l y  from t h e  "To Motor" por t ion  
of t he  Energy Counter. Values l i s t e d  are counter increaents  mul t ip l ied  
by 0.01333. 

7.1.8 KWH t o  Hotor, corrected (7) 

I n  accordance with l i n e s  8 and 9 of Table 4.6.2 (Energy 
Counter C.1. Test) ,  a c , x r e c t i o n  f a c t o r  of 1.30211.333 = 0.9765 was used 
f o r  25 and 35 mph tests, and a co r r ec t i on  f ac to r  of 1.30511.333 = 0.9787 
was used f o r  45 mph and top  speed tests. 

7.1.9 Recharge Amp-Hours (8) 

This va lue  was taken d i r e c t l y  from t h e  charge por t ion  of t h e  
cu r r en t  In tegra tor .  

7.1.10 Recharge Amp-Hours, cor rec ted  (9) 

From Sect ion 4.6.2, an o f f - s e t  assoc ia ted  with t h e  Current 
In t eg ra to r  was determined as !iA x (0.92-1.00) = -0.4A. (This of f - se t  
is only approximate due t o  dr l . f t  and temperature e f f ec t s . )  Correct ions 
were achieved by mult iplying o i f - se t  by time and sub t r ac t i ng  from 
uncorrected Amp-Hours. 

7.1.11 Recharge KWH (10) 

This  va lue  was taken d i r e c t l y  f r o 9  t h e  Bat tery Recharge 
por t ion  of t h e  Energy Counter. Values l i s t e d  a r e  counter increments 
mul t ip l ied  by 0.01333. 

7.1.12 Recharge KWH, corrected (11) 

During Tes ts  2 through 11, an of f - se t  assoc ia ted  wi th  t he  
AC Battery Current Sensor r e su l t ed  i n  a vo l tage  o f f - s e t  a t  the Energy 
Counter of +0.031 v o l t s  (see Sect ion 4.6.1.2). Noting t h a t  t h i s  
vol tage corresponded t o  1.86A and t h a t  t h e  time-averaged recharge vol tage 
was about 150 v o l t s ,  t he  following o f f - s e t  is subtracted:  

A6 = - 1.86 x 150 x Elapsed Recharge Time x XWH 

From l i n e  3 and 4 of Table 4.6.2, (Energy Counter Cal. Tes t ) ,  
a co r r ec t ion  f a c t m  of 1.12011.333 = 0.840 was derived f ~ r  t h e  Recharge 



portion of the Energy Counter. Both the off-set correction and the 
Energy Counter correction were used to compute corrected Recharge KWH 
values. 

7.1.13 Charger Input 

Line KWH was read directly from the GE AC KWH meter. Recharge 
Time was obtained from either a wall clock or wrist watch. 

7.1.14 Weather Condi <ions 

Ambient Temperatures were obtained from magnetic tape data; 
numbers listed are round-offs of low and high readings. 

Wind Speed numbers were derived from a portable weather 
station apparatus JPL set up at Dynamic Science. 

7.1815 a l e s  per Line KWH (12) 

For each test, this number is the Distance Traveled (2), 
divided by the Line KWH. 

7.1.16 Yilee per Amp-Hour Discharged (13) 

For each test, this number is the Distance Traveled (2) 
divided by the Amp-Hours Discharged. 

7.1.17 Charger Efficiency (14) 

For each test, this number is the ratio of Recharge KWH 
corrected (11) to the Line KWH. While values ranged from between 
82.4% to 107.5%, careful measurements made by Rdppel indicate this 
number to be 95 - + 1%. 

A careful calculation we.8 done with test 12 (driving cycle 
test) and computed charger efficiency was found as 96.4;;. 

7.1.18 Coulomlic Efficiency 0 5 )  

For each test, this number is the ratio between Amp-Hours 
Dischar3ed and corrected Amp-Hours Recharged (3). 

7.1.19 Voltaic Eff iclency 0 6 )  

For each test, this number is the ratio of Mean Discharge 
Voltsge to Average Recharge Voltage. The Mean Discharge Voltage was 
provided 6y Computer Averaging all Battery Voltage entries, and the 
A;.rage Recharge Voltage is the ratio between Cycle Efficiency (17) 
and Coulombic Efficiency 05). 



7.1.20 Cycle Eff iciency (17) 

For each t e s t ,  t h i s  number is tho r a t i o  of Ditcharge KWH, 
corrected (5) t o  Secharga hWH corrected (11). 

7.1.21 Control ler  Eff iciency (18) 

For each t e s t ,  t h i s  number is the  r a t i o  oE KWH t o  Motor, 
corrected (7) t o  Discharge LC, corrected (5) .  

7.1.22 Average Yotor Amps (19) 

For Tests  2 through 11, t h i s  number i s  the  r a t i o  between 
Motor Amp-Hours (a computer "time-intcgral'' of motor cur ren t )  
and Elapsed Time (also provided by the  computer). 

For Tes ts  22A through 22E, t h i s  number w a s  found by averag- 
ing a number of evenly spaced cur ren t  print-out values.  (Typically 15 
values of motor Current were hand averaged.) 

7.1.23 h e r a g e  %tor  Volts ( 2 0 )  

For each t e s t ,  t h i s  value was found analogously t o  t he  
corresponding value f o r  Average Motor Amps. 

7.1.24 Average Yotor Torque (21) 

Each of these values was derived as a funct ion of Motor 
Current by using current-torque da t a  from Table 3.6.1. 

7.1.25 Average Motor RPM (22) 

For each t e s t ,  the  Average Flotor RPM was found from the  
Average Speed (2) by using t ire and gear r a t i o  data .  

Gear r a t i o  da t a  was obtained from Sect ions 3.9.2 and 3.9.3, 
and the r o l l i n g  d is tance  per t i r e  revolut ion.  

Average %tor-Controller Eff iciency (23) 

Using Yotor Current and Voltage information, da t a  i n  
Table 3.6.1 was used t o  determine system ef f ic iency .  Observing the  
da t a  i n  t h e  t ab l e  and the p lo t s ,  i t  is noted t h a t  e f f i c i ency  is  a 
weak funct ion of motor cur ren t  and depends mainly on motor voltage. 
Observing severa l  operat ing poin ts  of nearly equal cur ren t ,  i t  was 

found t h a t  e f f ic iency  i s  cloacl)  proport ionate  t o  v * ~ ~ ~ .  This r e l a -  
mo t 

ti03 was used f o r  s ca l ing  and in t e rpo la t ing  Table 3.6.1 e f f ic iency  data .  

7.1.27 Average Yotor Eff iciency (24) 

In each case, t h i s  number was found a s  t h e  r a t i o  between 
the  Average Motor-Controller EEf ic iency (23) and the  Control ler  
Eff iciency (18). Idea l ly ,  i t  is t r u e  measure 02 t he  e f f i c i ency  of 



the motor itself, operating under the conditions imposed by the 
controller. 

7.1.28 DC Motor Efficiency (25) 

Using %tor Current and Voltage information, data in 
Table 3.4.1 was used to predi ct the motor efficiency operating under 
equivalent pure DC conditions. Analysis of the Table 3.4.: data 
reveahd that efficiency is a weak iunction of motor current and that 

efficiency scales in close proportion to V' 130  hie relacion was 
mot  ' 

used for scaling and interpolating Table 3.4.1 efficiency data. 

7.1.29 Chopper Induced Losses (25) 

For each test, this is the difference between DC Motor 
Efficiency (25) and Average Motor Efficiency (24). Ideally, this 
parameter serves to measure increased motor losses due tc the AC compo- 
nents in applied voltages and currents. 

7.1.30 R ~ a d  Load KWH (27) 

In Section 7.4, an approximate model for Road Load was 
derived. Equation 7.4.9 expresses Road Load Horsepower as a function 
of vehicle speed in miles per haur (GVW * 3288 lb as with Constant 
Speed Tests). Equation 7.4.9 may be integrated to give Road Load 
Energy : 

where R is distance traveled in miles and v is instantaneous speed in 
mph. 

Where v is maintained esseatially constant, Eqn. 7.1.1 may 
be written as: 

KWH - 0.0858 R[l + 6.53 x V2] (7.1.2) 

Using Eqn. 7.1.2, Road Load Energies were found as functions 
of Distances Traveled and Average Speeds. 

7.1.31 Average Gear Train Efficiency 

In each case, t h i s  number was taken as the ratio between 
Road Load Hnergy and nlotor Energy. The Motor Energy was found as the 
product of Energy to the Mator and Motor Efficiency. 
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TaLle 7.1.1. Constant Speed, llncorrected. Corrected, and Computed Data 

tsat *. -- 
D a u  of r u t  

Lchargc pp-llour.. 
Corrected 

Rechar~c K d O  

Wlnd S p e d  (nph) 

Av. Wtor Torque 
( r ~ - 1 > ) 2 1  

- 
7 - 

l / ~ r  

'Top" 

49.17 

55.70 

9 ~ . 5  

4 

127.95 

14.53 

14.14 

13.72 

11.11 

147.35 

.53. 

19.86 

20.92 

15.1 

18-20 

.o-1s 

0.411 

83.4 

82 .1  

6 8 . 5  

9 5 . 1  

'5 .9 

0 3 . 7  

25.9 

!85? 

85.2 

88.6 

86 .9  

-1.7 

12.56 

102.8 



7.2 REDUCED DATA - DRIVING CYCLE TESTS 

Data from Tab le  6.2.1. a l o n g  w i t h  in s t rumen t  c o r r e c t i o n  
f a c t o r s ,  w i l l  now be  used t o  compute energy and e f f i c i e n c y  parameters .  
Ther computa t ions ,  a l o n g  w i t h  t h e  c o r r e c t e d  pr imary  d a t a ,  a r e  sum- 
marized i n  Tab le  7.2.1. C o r r e c t i o n s  and computa t ions  are 1s fo l lows :  

7.2.1 Cor rec t ed  Di s t ance  (1 )  

For each  test where r e g e n . ? r a t i v e  b r a k i n g  was n o t  i n c l u d e d ,  
t h e  i d e a l  speed-time p r o f i l e s  were  fo l lowed f a i r l y  c l o s e l y .  Accordingly 
f o r  each  of  t h e s e  tests, no c o r r e c t i o n s  were made t o  t h e  o r i g i n a l  F i f t h  
Wheel d i s t a n c e .  

For each  test where r e g e n e r a t i v e  b r a k i n g  was i n c l u d e d ,  t h e  
d e c e l e r a t i o n  times exceeded t h e  p r o f i l e  times by two t o  f i v e  seconds .  
To c o r r e c t  f o r  t h e  e x t r a  d i s t a n c e s  d r i v e n ,  c o r r e c t e d  d i s t a n c e s  were 
Eound by m u l t i p l y i n g  t h e  co r re spond ing  d i s t a n c e  p e r  non- regene ra t ive  
c y c l e  by t h e  number s f  r e g e n e r a t i v e  c y c l e s .  

7.2.2 End-of-Test B a t t e r y  Vo l t age  (3) 

T h i s  v a l u e  is  t h e  l a s t  e n t r y  from t h e  c r u i s e  p o r t i o n  of  t h e  
l a s t  c y c l e  d r i v e n ;  i t  was d e r i v e d  from t h e  computer p r i n t o u t .  

7.2.3 Di scha rge  KWH (4 ) .  See  Paragraph 7.1.5 

7.2.4 Discharge  KWH, c o r r e c t e d  (5 ) .  See Paragraph 7.1.6 

7.2.5 KWH t o  Motor (6) .  See Paragraph 7. I . ? 

7.2.6 KWH t o  Motor, c o r r e c t e d  (7) .  See  Paragraph 7.1.8 

7.2.7 Recharge Amp-Hours (8). See  Paragraph 7.1.9 

7.2.8 Recharge Amp-Hours, c o r r e c t e d  (9) .  See  Paragraph 7.1.10 

7.2.9 Recharge KWH (10) .  See Paragraph 7.1.11 

7.2.10 Recharge KWH, c o r r e c t e d  (11). See  Paragraph 7.1 12 

7.2.11 Charger  I n p u t .  See  Paragraph 7.1.13 

7.2.12 Weather C o n d i t i o n s ,  See Paragraph 7.1.14 

7.2.13 Mi le s  p e r  L i n e  KWH (12) .  See Pa rag raph  7.1.15 

7.2.14 Mi le s  p e r  Net Amp-Hour Discharged (13).  For  each  d r i v i n g  
c y c l e  test .  t h i s  number is  e q u a l  t o  t h e  c o r r e c t e d  d i s t a n c e  d i v i d e d  by  
t h e  d i f f e r e n c e  between amp-hours d i scha rged  and amp-hours r echa rged  v i a  
r e g e n e r a t i v e  b rak ing .  



7.2.15 Charger Efficiency (14). See Paragraph 7.1.17 

7.2.16 Coulomtic Efficiency (15) . See Paragraph 7.:. 18 

7.2.17 Voltaic Efficiency (16). See Paragraph 7.1.19 

7.2.18 Cycle Efficiency (17). For each driving cycle test, this 
number is equal. to the ratio of Discharge KWH, corrected ( 5 )  to the sum 
of Recharge KWH, corrected (11) and regenerative braking Recharge KNII, 
Corrected (21). 

7.2.19 Forward Controller Efficiency (18a). See Paragraph 7.1.21 

7.2.20 Revers2 Cont.roller Efficiency (18b) 

For each driving cycle test, this number is equal to the 
ratio of regenerative braking Recharge KWH, corrected (21) and KWH 
from motor, corrected. 

7.2.21 Regenerarive Braking Recharge Amp-Hours (19) 

This number was taken directly from the charge portion of 
the current integrator at the end of each test with regenerativn braking. 
No corrections were applied. 

7.2.22 Regenerative Braking Recharge KWH (20) 

For each test with regenerative braking, this number was 
taken directly from +he recharge portion of the energy counter. Values 
listed are counter increments multiplied by 0.01333. 

7.2.23 Regenerative Braking Recharge KWH, corrected (21) 

Insufficient data was obtained to enable meaningful 
corrections. Data listed in Tahle 4.6.2 indicates that corrections will 
likely be small (at 40 mps recharge, the correction factor is 
1.3W1.333 - 0.991) 
7.2.24 Kinetic Energy prior to braking (KWH) (22) 

This number is the total kinetic ac the end of the coasting 
phase; rotating kinetic energy associated with the power train has been 
neglected. In each case, KE 112 l f V 2 ~  where M is the vehicle mass 
corresponding to 3288 lb, V is taken as 18.0 mph for the B cycles and 
25.5 mph for the C cycles, and N is the number of cycles driven. 
Conversion factors used: 1 slug = 32.lC lb, lmph = 1.4666 ft/sec, 
1 KWH 1 2.654 x lo6 Et-lb. 



7.2.25 Tire KWH (23) 

Using Coast-Down Equation 7.4.9, the tire coapoaent of 
power dissipnred may be assumed as PT = 0,115V, where PT is in horse- 
power and V is in mph. (It should be noted thac this number is expected 
to be high since it includes such things as bearing friction and trans- 
mission spin losses). 

The above equation is integrated over time to give 
ET = O.llR where ET is energy in horsepower-hours and R is distance 
traveled in miles. Converting ET to KWH, ET = 0,0858R. 

7.2.26 Aerodynamic KWII (24) 

Using Coast-Down Equation 7 4.9, the aerodynamic component 
of road-load is taken as ?A = 7.51 x 1, ,5v3, where PA is ia horsepower 
and V is Pn mph. Using V(t) as defined in Fig. 6.2.1 for the B and C 
Cycles, the aerodynamic energy is found by integration over time. 
Using the conversion constants listed in Section 7.2.25, the energy pe: 
B Cycle is 0.303495 KWH and the energy pe: C Cycle is 0.013252 KWH. 
The numbers listed in the table are found by multiplying thz appropriate 
energy per cycle times the number of cycles driven. 

7.2.27 Road Load KW (25) 

For each test, this number is the sum of Tire KWH (23) and 
Aerodynamic KTJH (26) . 
7.2.28 Forward Propulsion Efficiency (26) 

This quantity is defined and computed as 

Road Load ('5) + Kinetic ihe~gy (22) 
Discharge Energy (57 

The intent of this nunber is to "press the propulsion 
syestem. ef f icienr .v with respect: to forward emrgy flow. Besides the 
err w s  whip:, resulc I L L =  neglecting rotating Llertia, an added error 
result; In that a small p~prtion of the Road Load (25) is piovided from 
stored Kinetic Energy (22) during the braking interval ( i . e . ,  a small 
amount of energy is counted twice). 

7.2.29 Reverse Propc,sion Efficiency (27) 

Tkts quantity is defl~ed and computed as 

Recharge Energy (21) 
Kinetic Energy <22) 



The i n t e n t  of t h i s  number i s  t o  express  t h e  p rcpu ls ion  
system e f f i c i e n c y  wi th  r e s p e c t  t o  r e v e r s e  crrergy flow which o c c m s  
dur ing r e g e n e r a t i v e  braking.  Besides the e r r o r s  which r g s u l r  from 
neg lec t ing  r o t a t i n g  i n e r t i a ,  an added e r r o r  r e s u l t s  i n  t h a t  road 
load  absorbs some k i n e t i c  energy dur ing regeneraLive braking.  

7.2.30 Net Propuls ion Eff i c i e s c y  (28) 

Th is  q u a n t i t y  is d jf ined  and computed as 

- Poad Load (25) 
Discharge Energy (5) - Recharge Energy (21) 

Thj s number, which accounts  f o r  "Round-Robbin" Energy 
EfficAency may be taken as a  f i g u r e  of m e r i t  For t h e  e n t i r e  system. 
A s  s t a t e d ,  t h e r e  are no mathematical  e r r o r s  i n  t h i s  e q l a t i o n .  
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Table 7 . 2 . 1 .  Driving Cvcle, Uncorrected, Corrected, and Computed Data 
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7.3 REDUCED DATA - ACCELERATION TESTS 
In this section, data from Tables 6.3.1 and 6.3.2 is 

corrected and plotted. 

7.3.1 Fifth Wheel Errors, Corrected Speeds 

Based on calibration tests run at JPL and Dynamic Science, 
corrections for these tests were determined to be: 

Additional details are contained in Paragraph 7.4.1. Unlike the coast- 
down tests, no offset error v . ;  observed; accordicgly, Equation 7.3.1 
differs from 7.4.1. 

Corrected speed data corresponding to Tables 6.3.1 and 
6.3.2 is tabulated in Table 7.3.1. 

7.3.2 Time Corrections 

7.3.2.1 Elapsed Time. Tine elapsed-time numbers listed in Tables 
6.3.1 and 6.3.2 are found by subtracting a constant time, To, from the 
computer time. This constant time, which corresponds to the test 
start, is found by assuming linear acceleration during the interval 
between the test start and the second speed-time data point. 
Accordingly, 

where, 

TI = time of first data point 

T2 = time of second data poiat 

V1 = speed at first data point 

V2 = speed at second data point 

7.3.2.2 Time Differences between Data Channels. The Data Logger 
System does not simultaneously record all 16 channels, instead channel 
n is recorded .2  n seconds after the computer time. Accordingly, the 
elapsed times listed in Tables 6.3.1, L.;.2, and 7.3.1 are correct for 
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Table 7.3.1. Corrected Speeds f o r  Accelerat ion Data 

Test  No. 24 
Run No. 1 

Test  No. 24 
Run No. 3 

- - - - - - - - -- - 

Test No. 31 1 Test  No. 31 
Run No. 1 Run No. 3 

Speed 
(mph) 

Speed 
Cmph) 

Speed Time 
b p h )  (sec. 

0.18 2.46 
9.35 5.66 

18.43 8.66 
22.90 11.86 
27.62 15.06 
32.77 18.26 
34,73 21.26 
38.48 24.46 
42.23 27.66 
44.87 
46.19 

Speed 
(mvh) 

Time 
(sec. ) 

Time 
(sec . ) Time 

(sec. 

Test  No. 24 
Run No. 2 

Tes t  No. 24 
Run No. 4 

T e s t  No. 31 
Run No. 2 

Test  No. 31  
Run No. 4 

Speed 
b p h )  

Speed 
Cmph) 

-- 
Speed 
b p h )  

Speed 
Cmph) 

0.03 
11.42 
15.51 
22.25 
25.24 
29.81 
32.35 
35.44 
38.11 
40.81 
42.69 
44.40 
45.08 

Time 
(sec. ) 

Time 
(see. ) 

Time 
Csec. 1 

Time 
(sec . ) 

only t h e  veh ic l e  speeds. The following time co r r ec t ions  a r e  required 
f o r  t h e  o the r  d a t a  channels: 

Bat tery Voltage - sub t r ac t  1.4 sec.  f o r  co r r ec t  time 
Battery Energy - sub t r ac t  1 . 2  sec. f o r  co r r ec t  time 
Motor Voltage - sub t r ac t  1 .0  sec.  f o r  c o r r e c t  t i m e  
Bat tery Current - sub t r ac t  0.6 sec.  f o r  co r r ec t  t ime 
Motor Current - sub t r ac t  0.2 sec.  f o r  c o r r e c t  t h e  
Motor Energy - add 0.6 sec.  f o r  co r r ec t  time 

These co r r ec t i ons  were used throughout i n  t h e  p l o t t i n g  of 
da t a  shown i n  Figures 7.3.1 through 7.3.10. 



7.3.3 Data Plots 

Figure 7.3.1 is a plot of Speed vs Time for Test No. 24 
data (EV-106 Batteries and RCA 2N6251 Transistors). 

Figure 7.3.2 is a plot of Speed vs Time for Test No. 31 
data (LEV-115 Batteries and Solitron SDT-12302 Transistors). 

Fi~ure 7.3.3 is a plot of Acceleration vs Speed for Test 
,lo. 24 data. Acceleration values were obtained by "differentiatingt' 
graph of Figure 7,3.1. 

Figure 7.3.4 is a plot of Acceleration vs Speed for Test 
No. 31 data. Acceleration were values obtained as above. 

Figure 7.3.5 is a plot of Battery Voltage and Battery 
Current vs Time for Test No. 24 data. 

Figure 7.3.6 is a plot of Battery Voltage and 3attery 
hrrent vs Time for Test No. 31 data. 

Figure 7.3.7 is a plot of Yotor Voltage and Motor Current 
vs Time for Test NG. 24 data. 

Figutr 7.3.8 is a plot of Motor voitage and Motor Current 
vs Time for Test No. 31 data. 

Figure 7.3.9 is a plot of Battery Discharge Energy vs Time 
for Test No. 24 data. 

Figure 7.3.10 is a plot of Battery Discharge Energy and 
Knergy to Motor vs Timc for Test No. 31 data. 

7.3.4 

7,,3.,4.1 
FI on1 Figure 

Acceleration Times 

Test No. 24 Data (EV-106 Batteries, 2N6251 Transistors). 
7.3.1, the following acceleration times are determined: 

0-10 mph 3.4 see. 
0-20 mph 8.2 sec. 
0-30 mph 14.5 see. 
0-40 s ~ h  22.6 sec. 
f.-1.5 mph 28.3 sec. 

Test No. 31 Data (LEV-115 Eatterl~~, ~LJ'L-LL~O~ Transistors). 
7.3.2, the following acceleration times are determined: 

0-10 mph 3.3 sec. 
0-20 mph 8.4 sec. 
0-30 mph 15.2 sec. 
0-40 tnph 24.8 sec. 
0 45  mph 31.4 sec. 



LEGEND 
RUN NO. 1 

0 RUN NO. 2 
A RUN NO. 3 
0 RUN NO. 4 

Figure 7.3.1. Plot of Speed vs Time for Test No. 24 Data 
(EV-106 Batteries, 2N6251 Transistors) 

Figure 7.3.2. Plot of Speed vs Time for Test No. 31 Data 
(LEV-115 Batteries, SDT012302 Transistors) 



SPEED (mphl 

Figure 7 , 3 . 3 .  Plot of Acceleration vs Speed for Test No. 24 Data 

Figure 7.3.4. Plot of Acceleration vs Speed for Test No. 31 Data 

7-16 
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Figure 7 . 3 . 5 .  Plot of Battery Voltage and Current vs 
Time for Test No. 24 Data 

Figure 7 . 3 . 6 .  Plot of Battery Voltage and Current vs 
Time for T-st No. 31 Data 
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Figure  7 .3 .7 .  P l o t  of  ?!c+sr Vol tage  and Cur ren t  v s  Time 
f o r  Test No. 24 Data 
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Figure  7 . 3 . 8 .  P l o t  of  Motor Voltage and Cur ren t  v s  T i m e  
f o r  T e s t  No. 31 Data 



F i g u r e  7.3.9. P l o t  o f  B a t t e r y  D i scha rge  Energy vs Time 
f o r  T e s t  No. 24 Data 
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F i g u r e  7-1.10.  P l o t  o f  E a t t e r y  D i scha rge  and Motor Energy vs T i m e  
f o r  T e s t  No. 3 1  Data 



7.4 REDUCED DATA - COAST-DOWN TESTS 
In this paragraph, speed-time data listed in Tables 6.4.1 

and 6.4.2 will be converted into road load-speed information. In order 
to accomplish this, corrections need be made for Fifth Wheel errors and 
local track slope. 

7.4.1 Fifth Wheel Errors 

Calibration tests run at JPL (Dec. 16, 1976) on the NC-5 
Fifth Wheel provided a calibration constant of (.0823 + .0003) Vlmph - 
(eight data points ranging from 6.5 through 40 mph) . (See Figure 4.6.1 
for Calibration Plot. ) 

Calibration tests run at Dynamic Science (March 14, 1977) 
provided a calibration constant of ,0813 V/mph (only one calibration 
point correspond in^ to 4.3US i m i ~ e  at 52.95 mph). 

The ccmputer program which gnnerated the data in Table 6.4.1 
used an effective constant of .0850 V/mph. 

Calibration 03 the data system indicates a throughput error 
corresponding to zn offse~ of .22 mph and an error at 50 mph of less 
thaq .4 mph. 

The calibration coa~tant obtained at Dynamic Science will be 
used in place of the JPL constant for three reasons: 

(1) The same cislibration means were used for testing other 
electric vehicles at Dynamic Science. 

(2) The DS calibration method simulates road operation 
better than the JPL procedure, 

(3) Calibration was performed closer to the time of use. 
Using the .0813 Vfmph ,alibration constant and 
accounting for the .2. mph offset, the following 
speed correction formula is obtained : 

where 

V is the corrected velocity, and 

V' is the uncorrected velocity 

In the case of Strip Chart data, systematic errors 
were calibrated out and no corrections are required. 



7 . 4 . 2  Generalized Road Load 

If at time tn, the corrected vehicle velocity is Vn and the 
vehicle elevation is h,, and if at time tn+l the corrected vehicle 
velocity is Vn+l and the vehicle elevation is hn+18 then the average road 
load occurring between times tn and tn+l (based on energy conservation) 
is given by: 

where 

velocity is 

M is the gross vehicle mass, 

W is the corresponding weight, and 

g is the gravitational acceleration. 

During the time incerval between t and tQ+l, the average n 

In the case where the decelerations at times t, and tn+l are 
nearly th'e same, Pav may be correlated with VaV without nignificant error. 
However, in those cases where high speeds are involved, caution should be 
exercised to avoid errors due to aerodynamically caused nonlinear 
decelerations. 

Before Equation 7.4.2 can be used, track location ar. times 
tn must be determined. Once track location is known, survey data from 
Table 6.4.3 may be applied. 

If ti is defined as the time at which distance from the 
marker is zero, then the distance from the marker at time rn is given 
by : 



Knowing the track location from Equation 7.4.4, linear interpolation may 
be applied to Table 6.4.3 to give corresponding elevations, hn. hn is 
found by : 

where 

Snl is the closest distance in Table 6.4.3 below Sn, 

hnl is the elevation that corresponds to S 
nl ' 

'nu is the closest tabular distance above Sn, and 

hnu is the elevation that corresponds to S . nu 

In addition to the systematic errors associated with the 
tape recorded data - previously mentioned, two other types of errors 
are to be noted. Since the Data Logger was not synchronized with tne 
track marker, there exists a timing uncertafnty of up to 3.2 seconds. 
Secondly, small fluctuations due to either Fifth Wheel bounce or track 
uneveness added "noise" to the tape data. Because of these two probleas, 
it was found that Strip Chart data yislded somewhat better results than 
the Data Logger data. Accordingly, Strip Chart data will be used for 
the following calculations. 

IK was also aoted that the down-hill (East to West) data 
produced relatively poor results (i.e., the data a?pears very "noisy"). 
Accordingly, calculations are tabulated f ~ r  only one E a s ~  to West rcn 
(Run No. 1) all other data is from the West to East tests. 

Applying Equations 7.4.2 through 7.4.5 to the data in 
Table 6.4.2, Distance, Elevation, Kinetic Energy, Potential Energy, and 
Total Energy is computed. This data is listed in Table 7.4.1 afid a 
plot of road load vs speed is shown in Figure 7. .I. 

In Table 7.4.2, summaries are made of average speed and the 
corresponding road load; also listed are corresponding values of ~2 
and P/V, which are used graphically to reducz road load into rolling 
resistance and aerodynamic components (see Section 7.4.3). 



7 . 4 . 3  Road Load Resolved into Rolling Resistance and Aerodynamic 
Components 

It is assumed that the road load may be expressed as 

where the first term Ls due to tire rolling resistance and th: second 
term is due to aerodynamic friction. In general, a viscau~ term 
(c2v2) should be included, but experience has shown that this term is 
small compared with th2 other two terms and its inclusion complicates 
the analysis. 

Values of C1 and Cg are easily derived by plotting P/V vs 
~ 2 .  If the P-V data conforms to Eqn (7.4.6), then such a plot should 
be a straight line with the y interrupt equal to C1 nrd the slope 
equal to C3. Data from Table 7.4.2 was thusly pl:  tted in Fig, res 7.4.2 
through 7.4.6. 

7.4.3.1 Rolling Reslstance. From the plots, four values of C1 were 
obtained. Noting that hplmph has the dimensions of a force, each of 
the values of C1 may be converted into pounds to give respecdve values 
of 47.3, 45.0, 42.4, and 37.5 11)s. The mean vahe 3s 43.1 Ibs and the 
standard deviaticn is 1.4 lb. With a vehicle weigl,. of 3288 lb and a 
rotating inertia assumed equivalent to 3% of the vehicle mass, the 
rolling resistance is: 

and 

RC standard deviation = 0.044% 

7.4.3.2 A.erodynamic Resistance, C3A. At 25OC and at a standard 
atmospheric pressure of 760 man mercury, the aerodynamic force is given 

where F is force in pounds, CDA is in square feet, an? V is in miles per 
hour. Multiplying Equation 7.4.7 by V and then converting FxV into 
horsepower, the -allowing is obtained: 



Equating i7.4.8) with the graphical slope data yields CDA 
values of 11.8, 11.3, 10.2, and 12.4 ft*. 

C A expected and standard deviation values are: D 

and 

C A standard deviation = 0.3 ft 2 D 

7.4.3.3 Road Load Model. Averaging intercept and slope ~iumbers 
derived  fro^ Figures 7.4.3 through 7.4.6, the following equation is 
obtained : 

where. P is power in horsepower and V is speed In mph. 

Expressed in metric units, 

vher- P '  is power in watts, and V' is speed in meters per second. 



Table 7.6.1. Intermediate  Coast-Down Calculat ions 
-- 

Run No. 1 (East t o  West) 

Elapsed 
Time 

(sec.  ) 

0 
5 

10 
15 
'0 
'? < - 2 

3 0 
3 5 
40 
4 5 
5 0 
5 5 

Speed 
(mph) 

50.2 
48.1 
45.8 
43.2 
40.7 
38.7 
36.8 
35.0 
33.4 
31.8 
30.2 
28.5 

Speed 
Cf ps! 

73.6 
70.5 
67.2 
h3.4 
59.7 
56. S 
54.0 
51.3 
49.0 
46.7 
44.3 
41.8 

Distance 
( f t )  

0 
360 
705 

1031 
1339 
1630 
1907 
2170 
2421 
2660 
2888 
3103 

Kinet ic  
Energy 
(f  t - lb  

103) -- 
278.3 
255.3 
232.0 
206.5 
183.1 
165.7 
149.8 
135.2 
123.4 
112.0 
100.8 

89.8 

Elevation 
( f t )  

Run No. 1 (West t o  Cast) 

Potent ia l  
Energy 
Cf t - l b  
x 103) 

-- 

Elapsed 
Time 

(sec . ) 
0 
5 

10 
15 
2 0 
: 5 
30 
35 
40 
4 5 
50 
55 
6 0 
65 
7 0 
7 5 
7 9 

Speed 
( fp s )  

t15.9 
tio. 0 
54.3 
44.3 
44.0 
39.3 
34.b 
30.1 
25.8 
22.1 
18.3 
15.0 
11.7 
8.5 
5.3 
2 . 1  
0.0 

Distance 
( f t 

0 
315 
601 
860 

1093 
1301 
1486 
1648 
1787 
1907 
2008 
2091 
2158 
2209 
2243 
2262 
2267 

Elevation 
( f t )  

2.72 
5.07 
7.03 
5.87 

10.95 
12.42 
14.03 
15 .22  
16.26 
17.73 
17.96 
18.43 
18.84 
19.11 
19.44 
19.58 
19.62 

Total  
Energy 
(f t - lb  
s 103: 

Kinet ic  
Energy 
( f  t - lb  
x 103) 

223.1 
185.0 
151.5 
124.9 
994.6 

79.3 
6?.. 5 
46.5 
34.1 
25 .1  
17.2 
11.6 

7.0 
3.7 
1.4 
0.3 
0.0 
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Table 7.4.1. Intermediate Coast-Down Calculations (Continuation 1) 

Run No, 4 (West to East) 

Elapsed 
Time 
(sec. ) 

Speed 
(mph! 

Kinetic 
Energy 
Cf t-lb 
x 103) 

Po tent ial 
Energy 
(f t-lb 
x 103) 

Total 
Energy 
(f t-lb 
x lo3) 

Distaace 
(ft) 

.-.-- 
0 

311 
593 
849 
1080 
1289 
1472 
1635 
1778 
1901 
2006 
2093 
2164 
2219 
2259 
2286 
2297 - .-- 

Run No. 6 (West to East) 1 

Total 
Energy 
(f t-lb 
x 103) 

232.1 
205.3 
183.9 
162.6 
144.6 
129.6 
117.3 
107.2 
99.7 
94.5 
87.7 
83.2 
79.0 
76.0 
73.2 
71.2 
69.6 
69.2 

Elapsed I ! Kinetic 
Energy 
(f t-lb 
x 103) 

Potential 
Energy 
(ft-lb 
x 103) 

Speed 
(fps) 

Distance 
Cft) 

0 
316 
609 
876 

1118 
1336 
1532 
,1707 
1862 
2002 
2125 
2230 
2319 
2342 
2450 
2492 
2517 
2525 

Elevation 
(it) 
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Table 7.4.5.. Intermediate Coast-Down Calculations (Continuation 2) 

Speed 
b p h )  

49.6 
45.3 
41.2 
37.5 
34.1 
30.9 
27.9 
25.2 
22.4 
20.0 
17.7 
15.4 
13.2 
11.0 
8.5 
6.3 
4.0 
1.8 
0.0 

Run No. 9 (West to East) 

Speed 
(f ps) - 
72.7 
66.4 
60.4 
55.0 
50.0 
45.3 
40.9 
37.0 
32.9 
29.3 
26.0 
22.6 
19.4 
16.1 
12.5 
9.2 
5.9 
2.6 
0.0 

Distance 
(fr) 

Elevation 
(ft) 

2.72 
5.27 
7.60 
8.71 
10.83 
12.60 
14.51 
15.81 
17.42 
18.30 
19.21 
20.08 
21.10 
21.88 
22.50 
22.96 
23.26 
23.43 
23.49 

Kinetic 
Energy 
Cf t-lb 
x 103) 

-- 
Patenti. 1 
Enerdy 
(ft-lb 
x 103) 

Total 
Energy 
(f t-lb 
x i03: 



Table 7.4.2. Coast-Do, n Calcu la t ions  

Run No. 1 (East t o  west) 

Time 
I n t e r v a l  

(see . ) 
Average 

Speed 
b p h )  

I Run No. 2 (West t o  East)  

Energy Lost 
During I n t e r v a l  

(ft-lb x lo3) 
Road-Loai 
Horsepower 

Time 
In t e rva l  

Csec. ) 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
4 

Average 
Speed 
(mph) 

P/V 
(hp/mph) 

v2 
2 

b p h  ) 

Energy Lost 
During In t e rva l  

( f t - lb  x 103) 

30.4 
27.0 
20.6 
18.6 
15.3 
12.6 
11.0 
8.93 
5.59 
5.82 
4.10 
3.18 
2.11 
1.51 
0.75 
0.10 

Road-Load 
Horsepower 

11.1 
9.83 
7.48 
6.75 
5.56 
4.56 
4.02 
3.25 
2.03 
2.11 
1.49 
1.16 
0.77 
0.55 
0.28 
0.04 

P/V 
(hpimph) 

.258 

.252 

.212 

.212 

.I96 

.I81 

. I82 

. I70 

.I24 

.I53 

. I31  

.I27 

.I11 

.I17 

.I10 -- 

v2 
2 

(mph ) 

1840 
1521 
1 ?46 
1011 

807 
635 
488 
365 
26 9 
190 
130 
83 
48 
22 
6 

-.. 
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Table 7.4.2. Coast-Down Calculations gontinuation 11 

Time 
Interval 

(sec. 1 

Average 
Speed 
b p h )  

42.4 
38.6 
34.9 
31,5 
28.3 
25.2 
22.2 
19.5 
l6,9 
14.3 
11.9 
9.7 
7.5 
5.5 
3.6 
1.5 

Average 
Speed 
h p h )  

Run No. 4 CWest 

Energy Lost 
During Interval 
(ft-lb 103) 

to East) 

Road-Load 
Horsepower 

10.4 
9.25 
6.03 
5.95 
5.22 
4.39 
2.52  
3.01 
2.04 
2.19 
1.61 
1.09 
0.87 
0.53 
0.27 
0.17 

Time 
During Interval 
(ft-lb 103) 

26.7 
21.5 
21.3 
17.9 
15.0 
12.3 
10.1 
7.44 
5.25 
6.79 
4.54 
4.12 
3.09 
2.72 
2.01 
1.64 
0.41 

Road-Load P /V 
Horsepower 1 (hplmph) 

9.70 ,225 
7.31 .I97 
7.75 .206 
6.52 .I98 
5.45 .183 
4.49 .168 
3.68 .I54 
2.10 .I27 

' 1.91 .lo1 
2.47 .I48 
1.65 ,115 
1.50 .123 
1.12 ,112 
0.99 . I26 
0.73 .I27 
0.60 ,172 
0.15 . I 3 4  

Run No. 6 CWest to East) 
--- 

Energy Lose I 

- 

1 
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Table 7.4.2. Coast-Down Calculations (Continuation 2) 

Time 
Interval 

(sec . ) 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
4.5 

I 

Average 
Speed 
bph) 

Run No. 9 (West to East) 

Energy Lost 
During Interval 
(ft-lb x 103) 

Road-Load 
Horsepower 



LEGEND 

0 RUN No. 2 
0 RUN No. 4 
A RUN No. 3 

4 8 1 2  14 16 20 24 28 32 36 40 44 48 56 60 
SPEED (mph) 

Figure 7.4.1. Plot  of ',earl Load vs Speed; Data from Table 7.4.2 

2 Figure  7.4.2.  P lo t  of P/V vs V f o r  Run No. 1 Data 



2 
Figure 7.4.3. Plot of P/V vs V f o r  Run No. 2 Data 

2 
Figure 7.4.4. Plot of P/V vs V f o r  Run No. 4 Data 



v2 (mph2) 

2 Figure 7.4.5.  Plot of P / V  vs V for Run No. 6 Data 

. .. . . Figure 7 .4 .6 .  Plot of P/V vs v L  for Run No. 9 Data 



7.5 UDUCED DATA - h'EIGHT SENSITIVITY TESTS 

7.5,l Instrument Errors 

Systematic errors associated with both the Energy Counter 
and Charge Counter nesd not be considered here, since, to first order, 
theue errors will cancel. However, corrections to the Energy and 
Charge data of Sectlons 6.1 and 6.2 are required if such data is used 
for other purposes (e. g., control system efficiency) . 
7.5.2,l Corrections for Distance Variations 

To account for the minor variations in distance over which 
energy and charge parameters ware messured, these parameters will be 
dealt with on a "per-foot" basis. 4ccordingly, new variables Y will be 
used, where: 

where 

X is the energy or charge associated with a given test 

and 

D is the distance over which X is measured 

7.5.2.2 Corrections for Road Load Variations 

Observing the data in Table 6.5.1, it is noted in each case 
that energy and charge consumptions were reduced when given tests were 
repeated. Comparing, for example, Run 7 with Run 1, Battery Discharge 

ours Energy is down 6.6%, Enzrgy to Motor is down 5 . 5 % ,  and Amp '1 
Discharged is down 5.6%. The apparent explanation of this effect iu 
that tire and gear losses diminish as temperatures rise. 

Since no details are known concerning road load variations 
with time, a linear trend will be assumed. 

In Runs 1 through 12, rests were performed in the sequence: 
LOAD, NO LOU, LOAC, NO LOAI). Corresponding to this sequence, energy 
and charge parameters are defined as Y1, Y2, Y3, and Y4. B a ~ e  on the 
linear trend hypothesis, two values of Ay may be found - namely: 



AY, a .5(Y1 + Y3) - Y2 

AY, = Yj - .5(Y2 + Y4) 

AYA and AYB may be averaged to give .. 

In Rurs 13 through 29, tests were performed in the sequence: 
LOAD, NO LOAD, NO LOAD, LOAD. In this case, the linear trend hypothesis 
gives the following two values for AY 

Averaging AYA and AYB, 

7 . 5 . 2 . 3  Constant Speed Weight Sensitivity Formulae 

Equations (5.6.1) and (7.5.1) may be combined to give: 

where 

AY is given by Equation 7.5.3 for Runs 1 through 12, and by 
Equation 7.5.5 for Runs 13 through 29, 

and 

Y is the average of Y1, Y2, Yg, and Y4 in all cases. 
0 



7.5.2.3.1 Formulas for Runs 1 through 12 

Equat'on 7.5.6 a;ay be expanded to give: 

7.5.2.3.2 Formula for Runs 13 through 24 

Equation 7.5.6 may similarly be expanded to give 

7.5.2.4 Computed Weight Sensitivity Parameters 

Applying Equation 7.5.7 to Data in Table 6.5.1, R ~ P  1 
through 12, values for the parameters listed in Table 5.6.1 ara 
determined (see Table 7.5.1) . SimJ '-arly, Table 7.5.2 is generated from 
the Run 13 through 29 data. 

Table 7.5.1. C'mstant Speed Weight Sensitivity Measurements 

(Runs 1 through 12) 

(Runs 13 through 29) 

Tabie 7.5.2. Constant Speed Weight Sensitivity Meesurements 

35 mph 

SBE 35 = ,407 

Sm 35 = ,449 

Sm 35 = ,398 

Bntt. Energy 

Motor Energy 

A.H. Disch. 

I 

4 5 w e d  25 mph 

'BE 25 = .438 

Sm 25 = .504 

SAH 25 = ,402 

SBE 4s = . 3 ~ 1  

Sm 45 = .569 
---- 

SAH 45 = .412 

Top Speed 

SBE top = .205 

Sm top = .I98 

SAH top = ,288 
I 

- 
- 
- 

45 mph 

- SBE 45 - .218 

Sm 45 = -222 

Sm 45 = '247 

35 mph 

'BE 35 = .283 

SHE 35 = .302 

SAH 35 = ,355 

Batt. Energy 

Motor Energy 

A.H. Disch. 

25 mph 

S BE 25 = *4U7 

Sm 25 = ,446 

SAH 25 = '478 



Driving Cycle T e s t s  

I n  t h e s e  tests, no c o r r e c t i o n s  f o r  Road Load v a r i a t i o n s  w i l i  
be used. For Runs 1 thrnugh 4 ( see  Table 6.2.1 f o r  Data;. 

For Runs 5 through 8 ( see  Table 6.5.2 f o r  Data) ,  

7.5.3.1 Computed Weight S e n s i t i v i t y  Parametkrs 

Applying Equations 7.5.9 and 7.5.13 t o  Data i n  Table 6.5.2, 
va lues  f o r  t h e  parameters l i s t e d  i n  Table 5.6.2 a r e  determined (s:?e 
Tabiea 7.5.3 and 7.5.4). 

Table 7.5.3. Driving Cycle Wzight S e n s i t i v i t y  Measurements 

I Bat t .  Disch. Energy I SBE cnr - .833 I 'BE c r  
= . ( j i ' l  I 

(Runs 1 through 4: AW = 202 l b )  

I 
-. 

Bat t .  Rech. Energy I - - - 
'RBE c n r  'ME c r  = ~~~ 

Sch. C ,  No R e g e ~ .  

I h e r a v  t o  Motor I S..- = .737 I S.,- =l.015 I 

Sch C ,  W. R2gen. 

-- 

A.H,,  Rech. 

-. 
Energy from motor 

A . H .  Disch 

Table 7.5.4. Dr iving Cycle Weight Sens ' i t iv i ty  Measureme,lts 

rn c n r  
- - - 

'RHE c n r  

'AH c n r  
= .995 

n ~ c r  - 
'WE c r  

= 1.w 

'AH c r  
= .83/ 

h 

(Runs 5 through 8: AW = 400 l b )  

Sch. C ,  W. Regen. 

'BE cr--, = .768 - . 7 1  
'RBE c r  - - -  -- 

= . ;34  
'ME c r  

'RME c r  
= .265 - 

'AH c r  
= .779 

'RAH c r  
= .096-' 

--. 

R - t t .  Disch. Energy -- 
Bat t .  Rech. Energy 

Energy t o  Motor 

rhergy from Motor 

A . H .  Disch. 

- A . H .  Rech. 
L- 

Sch. C ,  Yo Regen. 

'EE c n r  = ,683 

= .707 
'ME cnr  

'AH c n r  
= .745 



ENERGY now MODELING 

In this section, data presented in 7.1 (Reduced Data-Constant 
Speed Tests) and 7.2 (Reduced Data-Driving Cycle Tests) will be reassem- 
bled into energy flow models whereby the flow of energy is traced 
through each of the propulsion components. At the outset, it had been 
hoped that energy efficiencies, for each component ccdd be deterained 
for all points of operation (e.g., motor and controller efficiencies vs 
all ~0Ssible speed-acceleration points). For a variety of reasoas, 
including i~strumentation deficiencies and time limitations, a less 
comprehensive set of data was acquired and analyzed. Instead, energy 
flow analyses have been carried out for constant speed and driving 
cycle mods of operation. 

In the analyses to follow, the KWH has been used as the 
6 3 standard energy unit (1 KWH = 2.652 x 10 ft-lb = 4.825 x 10 hp-sec 

= 1.340 hp-hr). For each case to be analyzed, the energy values listed 
are associated with a known distance of vehicle travel. Accordingly, 
all of the energy numbers listed (KWH) may be converted icto KWH/mi 
values. It should be noted that energy per &stance is equal to force 
and that 1 KWH per mile is equal to a force of 502.3 lb. Converting 
KWEi per mile figures to forces makes direct physical sense in the ease 
of tire and air drag. 'In the case cjf "upstream" components, such as 
the charger, the physical meaning is virtually lost. None the less, 
such -i rceasure, in terms of comparative eystem eval~ations m,?y be quite 
meaningful. 

8.1 CONSTANT SPEED ANALYSES 

All energy number were derived from Table 7.1.1. In most 
cases, the numbers used were averages from repeat tests. In those cases 
where "out-liers" were identified, the averages do not in~lude these 
numbers 

8.1.1 Charger Input 

For 25 mph, Test 9 data only was used since Test 2 invclved 
considerabie amounts oC over-charge. All other numbers were averages 
from corresponding tests. 

8.1.2 C5arger Efficiency, Battery Input 

Averages of Eattery Input Energy were separately computed 
for 25, 35, 45 mph and max speed. Each of theon numbers was compared 
with the corresponding average Charger Input to determine a charger 
efficiency (numbers ranged between 84.4% and 100%). Based on the 
belief that charger efficiency should be fairly constant, an average 
charger efficiency was determined - 91.32, This number was then used 
for all subsequent analyses. (Note that lab tests on charger ~ndicated 
efficiency to be about 95%). Using the 91.3% figure, "corrected" KWH 
values fGr the Bactery Input were then abtained. 



8.1.3 Control System Efficiency, Motor Input 

A11 efficiency numbers were derived from calibration Tests 
22A through 22E - where the inatrumentation was connected to measure 
the tqtal energy applied to the notor. For each speed, Motor Input 
Energy was found by multiplying the average Battery Discharge Energy 
times the above efficiency numbers. 

8.1.4 Motor Efficiency, Motcr Output 

The motor speed was determined from the vehicle speed, gear 
selection, and data from Section 3.9. The average battery current was 
found from vehicle sped and battery discharge per mile. Using motor 
speed and battery currect, data from Table 3.6.2 was used to find the 
efficiency of the motor-control combination; this number divided by the 
controller efficiency was used to obtain motor efficiency. Motor 
Output was taken as Motor Input times the Motor Efficiency. 

8.1.5 Road-Load Energy, Gear Train Efficiency 

Tire and Aerodynamic Energy losses were computed for each 
tests on the basis of Road-Load Equation 7.4.9. Using these results, 
it was noted that gear train efficiencies in thz "high nineties" were 
obscrved. As a result, road-load numbers were lowered by 5X to 10% to 
yield .,that are believed more credible gear train efficiencies. 

8.l.i Summary of Constant Speed Energy Flow Analyses 

Figures 8.1.1 through 8.1.4 summarize results for constant 
speed operations at 25, 35, 45 mph and max. speed, respectively. 

8.2 DRIVING CYCLE ANALYSES (NO REGENERATIVE BRAKING) 

All energy numbers were derived from Table 7.2.1. In most 
cases the numbers used were averages from repeat tests. In those cases 
where "out-liers" identified, the averages did not include these 
numbers. 

8.2.1 Charger Input 

Same nethods used as in Section 8.1.1, 

8 . 2 . 2  Charger Efficiency , Satterv Input 
Snme methods used es in Section 8.1.2. 

8.2.3 Control System Efficiency, Motor Input 

Snme methods used as in Section 8.1.3, except Calibratlon 
Tests 22F through 22L were used to determine controller efficiency. 



8.2.4 Motor Ef f ic iency ,  Motor Output 

For c o n s t a n t  speed p o r t i o n s  ' t h e  d r i v i n g  c y c l e s ,  t h e  
methods of Sec t ion  8.1.4 were used t o  ob. n e f f i c i e n c y .  Est imates  of 
d i s c r e t e ,  po in t  e f f i c i e n c i e s  dur ing  a c c e l e r a t i o n  correspondiag t o  
5-mph increments were ob ta ined  a s  above. 

The n e t  e f f i c i e n c y  was then  found a s  a time-weighted average 
of both  t h e  constant speed and a c c e l a r a t i o n  p o r t i o n s  of B and C Driving 
Cycles. 

8.2.5 Road-Load Energy 

Road-Load Equation 7.4.9 was i n t e g r a t e d  over  t ime f o r  
Cycles B and C t o  f i n d  t i re  and aerodynamic l o s s e s  dur ing  a c c e l e r a t i o n  
and cons tan t  speed segments (upper arrows i n  Figs.  8.2.1 through 
8.2.4). 

During t h e  c o a s t  and b rake  i n t e r v a l s ,  road load energy was 
der ived  e n t i r e l y  from s t o r e d  k i n e t i c  energy. The i n t e g r a l  of Equation 
7.4.9 was aga in  used t o  compute t i r e  and aerodynamic l o s s e s .  These 
1.osses are d i sp leyed  s e p a r a t e l y  s i n c e  they d e r i v e  from k i n e t i c  energy,  
and n o t  d i r e c t l y  from propuls ion.  Road load numbers were reduced from 
zero t o  5% f o r  t h e  reasons  mentioned i n  Sec t ion  8 . i .5 .  

8.2.0 K i n e t i c  Energy 

2 
K i n e t i c  i s  112 MV N where M is t h e  g r o s s  v e h i c l e  mass, V i s  

t h e  c r u i s e  speed, and N is t h e  number of c y c l e s  d r iven .  

8.2.7 Gear Tra in  E f f i c i e n c y  

The gear  t r a i n  e f f i c i e n c y  w a s  found a s  t h e  r a t i o  between 
t h e  sum of Kine t i c  Energy and t h e  Road Load Energy (dur ing a c c e l e r a t i o n  
and c r u i s e  onl);  and t h e  Hotor Output. 

8.2.8 Energy Diss ipa ted  on Brakes 

This  energy was found a s  t h e  d i f f e r e n c e  between road load 
energy from c o a s t  and brake i n t e r v a l s  and t h e  K i n e t i c  Energy. 

8 . 2 . 3  Summary of Driving Cycle Energy Flow Analyses 

Figs.  t . 2 . 1  and 8.2.2 summarize r e s u l t s  f o r  non-regenerative 
t e s t s  C and B r e s p e c t i v e l y .  

8 - 3  D R I V I N G  CYCLE ANALYSES (REGENERATIVE BRAKING) 

A l l  energy numbers were der ived from Table 7.2.1. In  most 
cases ,  t h e  numbers used were averages  from repea t  t e s t s .  I n  those  
c a s e s  where "out-Siers" were i d e n t i f i e d ,  t h e  a v e r a g a  d i d  no t  inc lude  
t h e s e  numbers. 



8.3.1 Charger Input 

Same methods used as in Section 8.1.1. 

8.3.2 Charger Efficiency, Battery Input 

Same methods used as in Section 8.1.1 except that Battery 
Input includes recharge energy obtained during regenerative braking. 

8.3.3 Control System Efficiency , Motor Input (forward flow) 
The forward flow af energy was treated as in Section 8.2.3. 

8.3.4 Control System Efficiency, Motor Return (reverse flow) 

Data from Tests 22F through 22L was used to obtain con- 
troller efficiency. No data was available for notor efficiency so the- 
assumption that reverse direction gear efficiency approximates the 
forward efficiency was initially used to solve for the regenerative 
motor efficiency. Since lower than expected motor efficiencies were 
founds, gear efficiencies were then lowered by about 5%. This approach 
indicates that a good deal of uncertainty exists here. 

8.3.5 Road-Load Energy 

Same methods used as in Section 8.2.5. No consideration 
was given to increased Road Load Energy due to brake intervals longer 
than the specified time. 

8.3.6 Kinetic Energy 

Same methods used as in Section 8.2.6. 

8.3.7 Enezgy Returned to Wheels 

This energy was found as the difference between road load 
during coast and brake intervals and the Kinetic Energy. 

8.3.8 Energy Dissipated on Brakes 

During the tasts, the hydraulic brakes were applied when 
the vehicle speed dropped to about 2 mph. The numbers computed are 

2 
equal to 1/2 MV N where V is 2 mph. 

8.3.9 Suunnary of Driving Cycle Energy Flow Analyses 

Figs. 8.2.3 and 8.2.4 summarize rasults for regenerative 
tests C and B, respectively. 
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Section 9 

OBSERVATIONS AND CONCLUSIONS 

9.1 TEST PKOCEDURES 

For a variety of technical reasons, the recommended ERDA and 
JPL tes* methods appear lacking in effectiveness. For both the constant 
spe& the driving cycle tests, repeats of certain tests produced 
rang electrical measurements which varied by more thaq 20%. While 
some these variations may have been due to fluctuations within the 
vehids, such as the front disc brakes, it is believed that most 3f the 
variations resulted from changing weather conditions (ambient tempera- 
ture and wind). The conclusion is that improved repeatability  could 
be obtained by zither running tests in a region or more stable climate 
or by running tests on an indoor dynamometer, 

Converting coast-down raw data into road-load parameters 
proved parti-darly troublesome. A large part of the problem was due 
to both the slope cf the track and the unevenness of the slope. 
Electrical noise generated by the fifth wheel (and possiLiy elsewhere) 
also played a part in degrading this data. While brakes were periodi- 
cally checked for drag, it is possible that small amounts of fluctua- 
tiug brake ar,ag added to the problems. 

The following recommendations for improved road-load data 
are provided, based on the experience of this report: 

(1) Improved road surface. Coast-down tests should be 
performed on svrfacz having less than a 0.1% grade 
(measured between any two points 25 m apart). 

(2) Improved data collection method. Ideally, distance- 
time data, rather than speed-time data should be 
acquired. This technique which has been used 
succassfully by JPL and Detroit programs has the 
advantage of inherent accuracy since the 
location and elevation of crack-mounted pressure 
switches (or photo sensors) may be surveyed to within 
fractions of a centimeter while signal time placements 

5 may be easily determined to within one part in 10 . 
Fcrthermore, with this type of "track-based" data 
system, wind sensing at various track locations may 
be added to enable further refinenent of the 
processed data. 

(3) Improved "In-Vehicle Instrumentation". In the case 
whern vehicle instrumentation is used to provide speed- 
time data, a major improvement could he achieved by 
replacing the NC-5 electro-mechanical speed sensor 
with an electronic tachometer system. This would 



enable a large reduction in noise, enable improved 
linearity, and provide an easy, electronic means of 
calibration. 

Wind Tunnel Tests. Wind tunnel testhg would enable 
the most comprehensive and accurate results. Besides 
surmounting the prcblcin of environmental effects, 
wind tunnel testing could provide data which cannot be 
obtained from track tests - such as the dscermination 
of drag vs yaw angle and aerodynamic lift. 

9.1.1 Chassis Dynometer .Testing 

At 'ndicated, varying environmental conditions lead to 
varying test results. For this reason, it is strongly recommended that 
the bulk of future "long duratiori" rests, such as range tests be 
performed on a precision chassis dynamometer, but where careful calibra- 
tions be iirst run on a "hig'n grade" test track under "goodt' weather 
conditions. Once the above ciiiibration data is obtained, accurate 
dynamometer testing may be carried out, "rain or shinet'. While this 
approaclr promises optimal accuracy, it has the added advantagec of 
reduced cos:, direct interface with data processing nardware, and 
improved driver safety. 

9-1.2 Application of Battery Models 

Through the application of an "accepted" battery model, it 
low appears that extensive test data could be derived without having to 
actually run the required tests over entire charge-dischrge cycles. In 
particular; a few track tests could be run to determine electrical loads 
under various conditions of operation. This data could then be applied 
to a computer contained battery model whereby extensive range and energy 
parameters could be obtained. In a few minutes of compxter time, results 
could be ohtaine4 which presently require mocths of track tests and tens 
of thousands of dollars. 

9.1.3 Bench Tests for Sub-Components 

Prior to the Phoenix Tests, it was hoped that track data 
could be reduced to provide models for each of the power-train 
sub-components. Data analysis, after running tht tests, produced 
results which pointed up the extreme difficulty in bbtaining conponent 
data this way. 

An example of this situation was in dete,rmining gear-train 
efficiencies. Here, the option was to determine efficiencies by 
noting energy to motor, motor efficiency, and the corresponding road 
load. Inaccuracies in determining any or' the above parameters, in tarn 
resulted in a "multiplied" inaccuracy for the gear train efficiency . 
Because of this situation, it appears that t h e  best method for 
determining sub-component efficiencies is through "isolated measuremcr~c". 
In the case of t.le charger, tha battery, and the con~roller, isolated 
data can be obta-.ned tn situ. In the case cf the motor, isolated 



data cannot be obtained in situ since shaft torque measurements cannot 
be effected with the motor in the vehicle. However, even a partial 
bench test characteri~ation of the motor (such as torque vs current for 
a series machine) would permit electrical and RPM (cr speed) data to 
provide a full characterization of the mobor, while operating in the 
vehicle. 

In the case of the transmfssion and differential, in situ 
input and output torques cannot be measured. For that reason, the best 
approach in dealing with these items is to obtain all characterizing 
data from bench tests. Besides achieving good accuracy, this approach 
-'fords the control of boundary conditions, such as temperature control, 
lubricant selection, and of course, the'salection of torque-speed 
operating points. 

The instrumentation used at Dynamic Science, while likely 
"a stride in the right direction" suffered accuracy and flexibility 
limitations plus some reliability problems. 

In the area of accuracy limitations, the most severe problems 
were thermally induced off-set drifts eccountered with the Hall Effect 
Current Sensors (in aidition to current errors, this problem resulted 
in significant recharge Amp-Hour and Watt-Hour errors). The 9all 
Sensors possessed the further disadvantages of poor frequency zesponse 
and high cost. All three of these problems could potentially be solved 
with a "frequency compensated" meter shunt followed by a low drift 
op--arup. While this approach suffers from an inherent lack of isolation, 
various schemes have been considered where digital isolation is achiev~d 
after analog processing. 

The NC-5 Fifth Wheel used in the Phaenix Tests suffered 
three pro:.lems - no means of electrical calibration, commutator-brush 
noise, and slic$t nonlinearities. All three problems could be solved 
through the use of an electronic encoder type system. 

%her areas of needed improvement include the capability of 
running complete "sensor-to-tape" fi?ld calibrations amt complete ffeld 
tests of all instrumentation functions. To this end, future instru- 
mentation shmld include read capabilities plus a means of injecting 
calibration test signals into the variaus sensor inputs. 

In the fature, added focus sho-~ld be given to "htegrated 
parameters" such as charge, energy, and distance measuiements, as 
opposed to instantaneous measures such as voltage, current, and speed. 
This foilows in that "noise" factors are very effectively suppressed by 
integration. At the same time, the required data acquisition is 
tremendously reduced (which saves computer time and money). 

Increased flexibility is extremely important. Accordingly, 
future systems should feature selection of which signal channels are 
scanned, control of scaa rate priorities so that temperature data, for 



example is not scanned as frequently as speed and electricai data, 
control of scale factors, and control of modes of "pre-processing". 

Most important of all is the element of standardization. A 
standardized system should be developed which will be used for all -- 
future EV testing. With this accomplishment, future test procedures 
could be written-in closed form, systematic errors could mire easily 
be handled, tests could be run by less specialized personnel, and 
set-up and execution times could be reduced. 

9.2 OBSERVATIONS ON THE RIPP-ELECTRIC 

9.2.1 Chopper Induced Losses 

Efficiency and Thermal Data indicates that significant 
chopper-induced losses exist under conditions of low speed and driring- 
cycle operation. This situation points up the need for improvement, 
such as might be achieved with a laminated field yoke, a filter, or by 
an altogether different propulsion scheme, such as the separately 
excited approach. 

9 . 2 . 2  Regenerative Braking 

Results of driving cycle tests indicate that regenerative 
braking leads to a tanlo increase of more than 202 and an energy 
consumption that is reduced by about 15% for Schedules B, C, and D. 
Furthermore, recorded data irldicates that, for even the Schedule D 
tests, the battsry voltage is well below the gassicg point during 
regenerative braking. With future, more efficient sydtems, the impact 
of regenerative braking is expected to be even greater. 

9.2.3 Transformerless Charger 

Complete rzcharge efficiencies of between 90% and 95Z are 
achieved with the transformerless charger. Improved recharge algoritilms 
will be desired in the future so that operator adjustments are not 
required. 
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Table 3.6.1. Data on Combination of Motor and Control System 

(August 1974 - Trojan 217 Batteries, 2N6251 Transistors) 
Control 

V O ~  tage (1) 

3.00 

3.00 

3.50 

3.50 

3.50 

3.50 

3.50 

4 .00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 
- 

Notes: 

3attery 
Jol tage 

121.9 

122.0 

121.4 

121.0 

120.7 

120.7 

120.7 

120.9 

120.3 

120.0 

119.7 

119.7 

119.8 

120.0 

Battery 
hrrent 

4.1 

3.5 

7.6 

9.4 

10.0 

9.4 

9.4 

13.0 

14.7 

17.1 

17.7 

17.7 

17.1 

15.3 

battery 
'ewer (-1 

Motor 
Voltage 

6.6 

Motor 
,drrent 

Torque 
(it-lb: 

2.0 

1.3 

11.1 

b.7 

3.0 

2.2 

1 5  

15.7 

12.9 

9.0 

5.3 

3.8 

2.9 

1.8 

- 
RYM - 
391 

581 

233 

614 

1330 

156; 

17 5L, 

344 

517 

869 

1437 

1843 

2436 

2693 
- 

Eff. 
( X )  (4) 

22.1 

24.9 

39.8 

51.4 

47 .O 

43.0 

32.9 

$3.8 

5 3 . b  

54.1 

5! .1 

47.1 

49.0 

37.5 

1. Contro3 Voltage appears at output of accelerator potentiometer. 
2. Battery Power (apparent power) is product of Battery Voltage and Battery 

Current. 
3. HP, motor shaft power, is product Torque and RPM divided bv 5 1 5 2 .  
4. Bff, motor-control e~iiciency, is ratio of HP to Battery Power times 746. 
5. Motor and Battery voltages measured with Fluke 8lOOA DVEI. 
6. Motor and Battery Currents measured with Fluke 8100A DVM and calibrated 

300A. 5 0  MV shunts. 
7. Torque measured with Rippel-huilt in-line torque sensor and Fluke 8100A DVEl. 
8. RPM measured with optical ~achometer and Monsanto lOlA frequency counter. 
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Table  3.6.1. Data on Combination of Motor and Control  System (contd) 

Control  
Voltage 

-- 
Lat t e r y  
1 0 1  t a g e  

120.8 

120.2 

119.8 

119.2 

119.0 

118.8 

118.6 

118.7 

118.9 

121.2 

120.0 

119.3 

118.6 

118.3 

118.0 

117.8 

117.7 

117.7 

121.2 

120.0 

119.1 

118.2 

117.7 

battery 
h r r e n t  

14.7 

17.1 

20.6 

24.7 

25.9 

28.2 

27.6 

27.0 

25.8 

18.6 

24.0 

28.2 

32.4 

36.0 

37.8 

39.0 

39.0 

38.4 

19.7 

26.4 

31.8 

37.8 

44.4 

- - 

l a t t e r y  
Power 

'orque 
:i t-lb: 

26.0 

22.8 

19.2 

15.2 

11.3 

8.5 

6 . 4  

5.4 

2.7 

29.8 

25.2 

21.2 

17.0 

13.8 

11.6 

10.2 

9 .1  

8.0 

37.4 

31.4 

27.6 

23.2 

19.2 
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Table 3.6.1. Data on Combination of Motor and Control System (contd) 

Control 
Voltage 

5.50 

5.50 

5.50 

5.50 

6.00 

6.00 

6.00 

6.00 

6.00 

6.03 

6.00 

6.50 

6.50 

6.50 

6.50 

6.50 

7.00 

7.00 

ja t tery 
Jol tage 

ll? .o 

116.2 

116.4 

116.5 

120.7 

119.2 

118.4 

117.6 

116.5 

115.2 

114.6 

114.5 

117.8 

116.9 

115.9 

113.5 

118.7 

118.1 

Battery 
h r r e n t  

50.4 

53.4 

53.4 

53.4 

25.8 

33.9 

38.7 

48.6 

59.3 

69.2 

74.3 

33.6 

47.1 

56.0 

66.6 

89.0 

37.1 

46.6 

58.9 

71.9 

86.6 

i04 

Battery 
Power 

Motor 
Voltage 

60.3 

72.9 

82.8 

87.1 

16.7 

24.6 

30.6 

41.2 

58.8 

85.0 

101.8 

22.2 

35.8 

45.6 

53.2 

113.0 

22.6 

30.3 

43.0 

56.5 

83.0 

111.7 

I- 3 

Motor 
Current 

Torque 
(f  t - lb)  

15.8 

13.7 

12.3 

11.4 

38.6 

33.2 

30.2 

26.0 

21.8 

18.4 

17.2 

37.8 

31.2 

28.2 

25.4 

19.4 

42.4 

38.4 

34 .O 

31.2 

30.0 

25.2 

RPM 
7 

1904 

2452 

2828 

3073 

273 

509 

694 

1046 

1649 

2544 

3057 

408 

814 

1109 

1532 

3215 

400 

616 

9 74 

1351 

1853 

2893 - 

7 

Eff.  
(XI - 
72.5 

76.7 

79.5 

80.0 

48.1 

59.4 

65.0 

67.6 

73.9 

83.4 

87.7 

56.9 

65.0 

67.9 

71.6 

87.7 
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Table 3.6.1. Data on Combination of Motor and Cont ro l  System (contd)  

Control  Bat ter !  
Voltage Voltagc I Bat tery  

Power 

- 

Motor 
Voltage 

Motor 
h r r e n t  

-72 

.62 

-54 

-38 

.31 

.81 

-68 

.54 

.4 5 

.43 

.11 

93.4 

47.9 

82.3 

.07 

.29 

.44 

.58 

.7 1 

.81 

.90 

100 

!OS 

RPM 
- 
299 

459 

602 

LO94 

1784 

307 

496 

852 

L166 

!470 

!804 

j:49 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
- 

' f f .  
:a - 
18.7 

16.9 

11.1 

'0 .1 

'6 .5 

10.5 

17.9 

17.1 

'2.0 

17.9 

19.4 

16.9 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 



Control 
Voltage (1) 

4.50 

4.50 

4.50 

5.00 

5.00 

5.00 

5.50 

5.50 

5.50 

6.00 

6.00 

6.00 

6.00 

6.00 

900-850 

Table 3,6.2. Data on Combination of Motor and Control System 

(April 1976 - Degraded Trojan 217 Batteries, SDT-12302 
Transistors, Modified 1265 Motor with Laminated Frame) 

Lat tery 
rol tage 

battery 
:urrent 
-- 
4.96 

4.20 

2.64 

11.5 

10.3 

8.00 

19.8 

19.2 

11.5 

27.8 

29.2 

27.6 

21.4 

16.5 

-- 
Motor 
Voltage 

9.0 

6.0 

1.6 

2.9 

15-1 

9.1 

35 .O 

30.7 

10.7 

56.4 

48.5 

36.6 

21.1 

13.5 

Motor 
hrrent 

41.6 

52.0 

64.2 

48.2 

61.6 

76.0 

46.7 

61.0 

99.6 

49.4 

59.8 

74.2 

98.9 

L13 

Notes: 

1. Control Voltage appears at output of accelerator potentiometer. 
2. Battery Power (apparent power) is product of Battery Voltage and Battery 

Current. 
3. HP, motor shaft power, is product of Torque and RPN divided by 5252. 
4. Eff, motor-control Efficiency is ratio of HP to Battery Power times 746. 
5. gotor and Battery Voltages measured with Dana 5400 DVM. 
6. Motor and Battery Currents measured with Dana 5400 DVM and calibrated 

300A. 50 MV shunts. 
7. ~or&e measured with Rippel-built in-line torque sensor and Dana 5400 DLW. 
8. RPM measured with optical tachometer and Monsanto lOlA frequency comter. 

I- 5 
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T a b l e  3.6.2.  Data on Combinat ion of Motor and C o n t r o l  System ( c o n t d )  

C o n t r o l  
Vo l t age  

3 a t t e r y  
J o l t  a g e  

117.5 

117.6 

11s. 4 

119 .1  

119 .8  

115 .9  

116 .0  

116.4 

118 .1  

119 .3  

120 .0  

119.2 

118 .3  

l i 7 . 1  

116.5 

115.9 

115.2 

114.7 

114.4 

114.3 

114 .1  

113.9 

114.4 

3atter, 
Power 

4688 

4586 

3694 

3287 

3474 

6073 

5823 

5285 

3661 

2410 

1944 

. 229 

3052 

4052 

4637 

5030 

5599 

5964 

6052 

5966 

7645 

8041 

6818 

Motor 
Vol tage  

66.5 

51.2 

31.7 

22.3 

14.6 

75.2 

62.6 

45.0 

22.8 

11.7 

7 .6  

9.9 

16.4 

27.3 

35.0 

42.0 

53.7 

67.0 

78.1 

84.4 

94 .3  

84.6 

62.9 

I-; 

Motor Torque 
C u r r e n t  ( f t - l b )  -I- RPM 

E f f .  
(%I 



900-850 

Table 3.6.2. Data on Combination of M ~ t o r  and Control  System (contd) 

Control  
Voltage 

Lattery 
' o l t age  

115.3 

117.1 

118.2 

118.8 

117.6 

116.8 

115.9 

115.2 

115.7 

114.0 

113.0 

112.1 

111.6 

110.9 

110.3 

109.9 

111.6 

112.8 

11$. 7 

116.5 

117.7 

115.3 

113.7 

Lattery 
h r r e n t  

40.3 

34.8 

25.2 

21.7 

25.8 

31.0 

36.0 

41.. 1 

43.6 

48.3 

54.2 

60.2 

62.4 

65.6 

68.0 

69.0 

80.4 

67.1 

47.1 

33.6 

23.6 

23.1 

33.3 

battery 
Power 
-- 
5800 

4075 

2579 

2578 

3034 

3621 

4172 

4735 

5045 

5506 

6125 

6748 

6963 

7275 

7500 

7583 

8973 

7569 

54C2 

3914 

2778 

3355 

4355 

Motor 
iloltage 

43.7 

23.0 

13.6 

10 .1  

14.0 

19.0 

24.4 

29.3 

32.9 

39.3 

49.2 

60.3 

65.2 

74.7 

83.5 

83.4 

88.7 

58.9 

33.2 

17.9 

10.0 

13.9 

22.0 

Motor 
h r r e n t  
--- 
114 

143 

160 

168 

162 

151 

141 

133 

L29 

120 

110 

102 

97.0 

91.6 

86.4 

84.0 

98.0 

114 

141 

163 

180 

172 

157 

- 
Eff. 
(XI - 
75.2 

66.5 

53.0 

41.5 

54.0 

63.1 

69.0 

70.4 

72.2 

74.9 

77.1 

77.6 

78.1 

79.1 

80.6 

80.5 

76.8 

77.7 

73.6 

58.8 

40.3 

51.8 

65.2 - 
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Table 3.6.2. Data on Combination of Motor and Control  

Control  
Voltage 

l a t t e r y  
' o l t age  

112.8 

111.8 

110.3 

139.0 

107.6 

106.0 

104.8 

103.0 

102.0 

116.0 

113.7 

112.0 

1J.O. 8 

1.09.0 

106.7 

102.7 

119.7 

118.6 

1171 

116.0 

115.0 

113.3 

111.1 

a t t e r y  
u r r e n t  
-- 

42.0 

48.2 

57.6 

63.4 

71.2 

78.8 

82.6 

89.0 

88.3 

28.8 

38.3 

43.7 

49.2 

57.0 

69.4 

89.8 

23.4 

33.2 

43.0 

49.2 

56.9 

67.8 

86.4 

battery 
Power 

4 7 38 

5389 

6353 

6911 

7661 

8353 

8456 

9167 

9007 

3341 

4355 

4895 

5451 

6213 

7405 

9222 

2801 

3937 

5035 

5707 

6544 

7682 

9599 

Motor 
' o l t age  

26.0 

32.1 

42.6 

50.1 

62.2 

73.7 

80.0 

93-4 

.OO. 3 

12.7 

19.9 

23.6 

28.5 

34.9 

46.5 

68.0 

8.6 

14.2 

21.3 

26.8 

32.8 

43.2 

62.0 

Motor 
h r r e n t  

L50 

L4 3 

130 

122 

L14 

LO8 

LO4 

99.3 

89.0 

:orque 
: f t - l b )  

System (contd: 

- 
Eff. 
(XI - 
69.1 

12.5 

76.1 

78.2 

80.6 

82.4 

82.5 

84.3 

84.3 

46.4 

61.8 

65.9 

69.8 

73.2 

77.5 

81.7 

29.2 

49.1 

62.7 

78.3 

71.3 

75.5 

78.9 - 
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F i g u r e  3 .6 .1 .  P l o t  3f  Torque v s  Motor Cur ren t  f o r  Non-Laminated and 
Laminated v e r s i o n s  of  1265 Motor o p e r a t i n ~ i t h  Control- 
System. Note t h a t  Torque i s  v i r t u a l l y  i ndependen t  of  
vo l t age '  and RPM. (See T a b l r s  3 . 6 . 1  and 3 . 6 . 2  f o r  d a t a . ,  
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F i g u r e  3.6.2.  P l o i  of System E f f i c i e n c y  v s  Motor C u r r e n t  f o r  C o m b i n a t l m  
o f  Non-Laminated Motor and C o n t r o l  System. Not6 
Efficient; degradation compared w i t h  F i g u r e  '3.4.:. (See 
T a b l e  3 . ( & . 1  f o r  d a t a . )  
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Figure 3 . 6 . 3 .  Plot of Sy;tem Efficiency vs Motor Current for C~mbi~lation 
of ~aminaied Motor and cbctrol System. Note that 
efficiencies are lower than those G L  Figure 3 . 4 . 2 ,  but 
higher than those of Figure 3 . 6 . 2 .  

Figure  3 . 6 . 4 .  Plot of Non-Laminated Motor-Controller Characteristics 

. - for varivus values of CV (Control Voltage from 
mcelerator Potentiometer). Data is from Table 3 . 6 . 1 .  



FLgure 3.6.5. Plot of Laminated Motor-Ccntroller Characteristics for 
various values of CV (cantrol voltage from accelerator 
potmtiometer). Data is from Table 3.6.2. 
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ABSTRACT 

The V\J Research  and Development Cen te r  of Ko l f sbu rg ,  West Germany, b u i l t  a 

p a r a l l e l  h e a t  e n g i n e - e l e c t r i c  h v b r i d  v e h i c l e .  Although p r i m a r i l y  i n t e n d e d  t o  

o p e r a t e  i n  t h e  normal  h y b r i d  mode where power from bo th  t h e  motor and e n g i n e  

were a v a i l a b l e  a t  a l l  v e h i c l e  s p e e d s .  i t  c a n  a l s o  o p e r a t e  i n  an o n / o f f  mode 

where o n l y  t h e  motor p r o p e l l s  t h e  v e h i c l e  a t  speeds  below abou t  25  mph. The 

v e h i c l e  i n c l u d e s  r e g e n e r a t i v e  b r a k i n g .  I t  h a s  been d r i v e n  o v e r  8000 miles, 

mos t lv  on  p u b l i c  r o a d s  i n  West Germany. 

T e s t s  tc, d e t e r m i n e  its ene rgy  per formance  were conducted  a c c o r d i n g  t o  t h e  

F e d e r a l  T e s t  P rocedure .  E l e c t r i c a l  power i n t o  and o u t  of t h e  b a t t e r i e s  was 

measured t o  de t e rmine  t h e  n e t  power used d u r i n g  a t e s t .  T h i s  was c o n v e r t e d  t o  

311 e q u i v a l e n t  quan t  i t y  of  g a s o l i n e ,  t hen  added t o  t h e  g a s o l i n e  consumed t o  

de t e rmine  an e q u i v a l e n t  miles per  g a l l o n  f o r  t h e  test.  Allowances fo r  t v p i c a l  

e f  f i c i e n c i r s  were i nc luded  i n  t h e  conve r s ion .  

The ene rgy  economy o i  t h e  normal hvb r id  mode was 15.2 mpg f o r  a b a s e l i n e  c o n f i g -  

u r a t i o n  of  3501) l b  i n e r t i a  w e i g h t .  T h i s  d e c r e a s e d  t o  14.6 mpg (4%) and 14 .3  

rape, (-0';) for i n e r t i a  w e i g h t s  of $000 l b  and 4.500 l b .  A s l i g h t  improvement i n  

energy  economy w a s  o b t a i n e d  when t h e  e n g i n e  t h r o t t l e ,  which was e l e c t r i c a l l y  

c o n t r o l  l e d ,  w % ~ s  opened and c l o s e d  more s l o w l y  than  i n  t h e  b a s e l i n e  c o n d i t i o n .  

;"he & l i i e c t  of a LO".. c.ti:ingc i n  tile m~tsimum motor  c u r r e n t  on ene rgy  cou ld  n o t  be  

d e t e c t e d .  

'i'lw most n o t  i zcclble twergy  improvement was o b t a i n e d  i n  t h e  oa /o f  f mcjcte. The 

e!lgine c u t - i n  ad ~ . u t - o u t  speeds  were v , i r i ; ~ b l e  and tests were conducted  ac 

s e v e r a l  p o i n t s .  I J i th  tlic b:lsel i u e  3500 l b  i n e r t  iil w e i g h t ,  c u t - i n  and cu t -ou t  

speeds  of 22/19 mpli +ivc 17.A mpg w h i l e  2 6 / 2 1  gave  19.4 myg. The r e l a t i v e l y  

s m a l l  e i i~ !~ . t  ~ ) i  i n ~ - r e ~ s ~ d  ine r t i : l  xeigl i?  i n  t h e  h y b r i d  mode w ~ i s  a i s o  shown i n  

t he  o n / ~ i i  n i o ~ i ~ ~ .  'Tlw .!.!/ 19 mpli s p e e d s  ;11111 !+5O0 11) reduced t h e  ene rgy  economy 

t o  17.2 mpg ( -1' : ) .  
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PREFACE 

This report presents data of the energy and emissions perf~r~iance of a heat 

engine-electric hybrid vehicle. The report presents only test data and does not 

include any interpretation or analysis of this data. Originally, the final 

report was planned to include analytical work adequate to explain the interesting 

energy performance of this vehicle but funding limitations precluded this effort. 

The testing program consisted of two parts. Originally, the tests were intended 

only to support a state-of-the-art assessment of electric and hybrid vehicles 

by defining the efiergy and emissions performance of the most sophisticated hybrid 

available at the time. During these tests, some unexpected energy economy 

results indicated that a continuation of the tests would be necessary to under- 

stand the vehicle's energy performance. The second part of the tests were then 

conducted to acquire the necessary data. Data from both parts are included in 

this report. 

The tests reported here followed the Federal Test Procedure which specifies units 

of miles per gallon (energy), grams per mile (cmissions) and miles per hour 

(vehicle speed). These units are widely recognized since the Federal Test 

Procedure is used throughout the world. Accordingly, these English units are 

used in this report. 



GLOSSARY 

Federa l  Test  Procedures 

L comprehensive procedure,  s p e c i f i e d  i n  t h e  F e d e r a l  R e g i s t e r ,  used t o  d e f i n e  

emiss ion and f u e l  economy performance. The procedure l ists measurement t echn i -  

ques,  v e h i c l e  handl ing p rocesses ,  r e p o r t i n g  methods, e t c .  T e s t s  a r e  conducted 

on a  c h a s s i s  dynamometer. A speed-time p r o f i l e  cover ing a  t e s t  of approximately 

41 min is def ined .  This  p r o f i l e  c o n s i s t s  of t h r e e  phases:  

1 1 

2 

3) 

Hot 505 -- 
A s e r i e s  

Cold Trans ien t  - The v e h i c l e  i s  s t a r t e d  a f t e r  being s t o r e d  a t  a  

c o n t r o l l e d  temperature,  s o  t h e  cold s t a r t  d e v i c e s  (such a s  t h e  

automat ic  choke) o p e r a t e  dur ing  t h i s  phase. A d i s t a n c e  of 3.6 m i l e s  

i s  covered i n  505 sec .  

S t a b i l i z e d  - This  phase is conducted imnedia te ly  a f t e r  t h e  co ld  

t r a n s i e n t  phase. A d i s t a n c e  of 3.9 m i l e s  i s  covered i n  864 sec .  

Hot T r a n s i e n l -  A f t e r  t h e  S t a b i l i z e d  phase is  completed, t h e  v e h i c l e  

engine  is shu t  off  and t h e  c a r  i s  i n a c t i v e  f o r  10 min. The Hot 

Trans ien t  phase is  then s t a r t e d .  Th i s  phase fo l lows  t h e  same 

speed-time p r o f i l e  a s  t h e  Cold Trans ien t  phase. 

of t h r e e  t e s t s  separa ted  by one minute i n t e r v a l s .  Fach t e s t  c o n s i s t s  

of t h e  Hot Trans ien t  phase of t h e  Federa l  Tes t  Procedure.  The v e h i c l e  s t a r t s  

2 Hot 505 t e s t  i n  a  ful l .7  warm cond i t ion .  

On /Of f  Mode - 

A power t r a i n  o p e r a t i n g  mode where t h e  g a s o l i n e  engine  i s  turned o f f  below a  

v e h i c l e  speed of approximately 25 mph. The e l e c t r i c  motor provides  t h e  

p ropu l s ive  power below t h i s  speed.  
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SECTION 1 

SUMMARY 

T e s t s  on  a Volkswagen (VW) T a x i ,  a p r o t o t y p e  v e h i c l e  c o n s t r u c t e d  a t  t'le VW 

Hese:irch and Developruent Cen te r  i n  Wolfsburl;, West Germany were conducted  a t  

IPI. t o  d e t e r m i n e  t h e  ene rgy  and e m i s s i o n s  perftw-ace of 3 p a s o l i n e - e l e c t r i c  

hyb r id  v e h i c l e .  The V W  Tax i  was s e l e c t e d  f o r  t h e s e  tests because  i t  is t h e  

wor I d ' s  most advanced o p e r a t  iona  1  hyb r id  v e h i C  le. The Taxi  h a s  been d r  i v r n  

ever 8000 miles. mos t ly  on p u b l i c  r o a d s  i n  E u r ~ q w ,  and s o  has  ;I prtwcn r r ~ - o r d  

as  n pr.wt i c a l  v e h i c l e .  I t s  c o n t r v l  s t r a t e g y  is more s o p h i s t  i c a t r d  t i ~ m  o t h e r  

h y h r i d s  :and pp . - -~ i t s  ~ .ons ider . ib le  f l e s i b i l i t y  simrr1.y by changing  a d j u s ~ n e n t s  o r  

c i r c u i t  c a r d s .  Bec.lusc of t h e s e  c h a r a c t e r i s t  i c s .  t h e  VW T s s i  provided  t h e  b e s t  

; ~ v c ~ i l i i b l e  \ - e h i c l e  f o r  t h ~  hybr id  tests. 

- 1 : -  t w , ~  vt .h ik- les  were bo th  b;lsPd on t h e  t.imil i a r  Vl\' microbus  c l ~ a s s i s .  The Trmi 

w . 1 ~  modif ied t o  add an e l e c t r i c  power sys tem t o  t h e  c o n v e n t i o n a l  VW power 

t r a i n .  Other  ~ . h a n g e s  provided ~ . h a r . i c t e r i s t  i c s  which would m;ake i t  s u i  t i ~ b l e  f o r  

IISC ;IS a t ~ s i  in ;I ma-j8.w c i t y .  TI1cx RI IS  h.id 113 n w d i i i c a t  i o n s  and t h c ' r ~ - i t w ~  

r c p r e s m t e d  c u r r e n t  VW produc t ion .  

The VW Tax! is s h w n  i n  F i g u r e s  1-1 and 1-2. The r e a r  e~iginr .  ;~nd  t r ;~ns i i s l t -  

c o n f i ~ u r a t i a n  of t h e  s t a n d a r d  VIJ b u s  per-mitted t h e  e l e c t r i c  power sys tem t c ,  be 

added i n  :I r e l a t i v e l y  s i m p l e  manner. Tiw r e s u l t  is ;I p a r : i l l e l  hybr id  v c l \ i ~ . l ~ h  

w i t h  a t o r q u e  c o n v e r t e r ,  a u t o m a t i c a l l v  operLited c l u t r h ,  ;irirl sy s t em c o n t r o l  hard-  

ware s e p a r a t e  from t h e  e l c c t r i c  motor  power c o n t r o l l e r .  

 his r c p d r t  is n o t  concerned  w i t h  t!ic m i , ~ i i f i c : ~ t  i nns  n e c e s s a r y  t o  p r o v i d e  t h e  

T;is i f u n c t i o n s .  







The T a x i ' s  c o n t r o l  I iardw;~re p e r m i t t e d  s i m p l e  a d j u s t m e n t s  of t h r e e  p a r a m e t e r s :  

1 )  The t i m e  c o n s t a n t  between t h e  d c c e l e r a t ~ r  p e d a l  a c t u a t i o n  and t h e  

t h r o t t l e  r e s p a n s e  

2 )  M;lsimum c u r r t a n t  a p p l i e d  t o  t h c  e l e c t r i c  motor  

3 )  The a p e r a t  i o n 3 1  mode o f  t h e  g a s o l i n e  e n g i n e .  

Tlic l a t t e r  would p e r m i t  m e  o p e r a t i n g  mode where  t h e  g a s o l i n e  e n g i n e  r a n  a t  a l l  

times, i n c l u J i n r z  i d l i n g  when t h e  v e h i c l e  was s t o p p e d ,  b u t  whnse r e s p o n s e  t o  t h e  

a c c e l c r ; ~ t i v  p e d a l  i n p u t  w.1~ c o n t r o l l e d  by t h e  t i m e  c o n s t a n t  m e n t i o n e d  p r e v i o u s l y .  

In  t h e  o r h e r  m c d e .  t h e  e n p i n e  s t m t e d  and s t o p p e d  a t  v e h i c l e  s p e e d s  o n  t h e  o r d e r  

~ . i  2 5  mph. Below c h i s  s p e e d ,  t h e  v e h i c l e  o p e r a t e d  i n  t h e  e l e c t r i c - o n l y  mode. 

Above t h i s  spcwi .  btj th t h e  e l e c t r i c  and p a s c l i n e  e n g i n e s  p r o v i d e d  power.  

Tlw T,isi h ~ s  ;I p 6 i r i l l l e l  c a n f i r : u r a t i o n .  s o  h o t h  t h e  e l e c t r i c  m o t o r  and t h e  

~ a s , . !   in^. c n s i n r  z.tn prcn- ide power t o  t h e  r e a r  w h e e l s  s i m u l t a n e o u s l y .  The 

e l c c t r i z  pcwr.r u n i t  c a n  ;ilw a c t  a s  .i generator. The ~ . o n t r o l  s t r a t e g y  p e n n i t s  

thcl ~ . t s , ~ l  i n k .  e n s i n e  t o  ~ - h ; ~ r g t >  t h e  b . l t t e r i e s  w h i l e  t l w  v c h i c l e  is o p e r a t i n t :  .it 

his;it.r s p t 4 s .  R e g c n e r ; ~ t  i v e  hrciking is A lscb i . ~ c  iudi.d. 

:\ nc.1; t m s i n e  w:~s i n s t c i l l c d  i n  t h e  Tasi immediatt.ly b c f n r t -  i t  was s h i p p e d  to  t h c  

1 tkwevtbr, t h e  cngint.  desi):n is t h a t  tlf t h e  \'I\' "Bt.;i: l e u  whose produc-t  ion  was 

t t ) ~ - r n i n . ~ t t d  i n  1 9 i k  s o  i t s  e m i s s i o n  c h ; i r a ~ . t e r i s t i ~ - s  r e p r e s e n t  e a r l v  1960 t ~ c h -  

I An ECR system was i n s t a l l e d  b1.t no  c.i l talytic- c o n v e r t e r  was i n c l u d e d .  

Thcst. c n g i u r  ~ . h . ~ r . l  . t e r i s t  i c s  must be  c o n s i d e r e d  when i n t e r p r e t i n g  tht. t t . s t  

r c s u l : s .  

1vt.n t l i ~ ~ ~ * y , * l  t h e  T a s i  hits h .~d  ~ - o n s i d t ~ r i t l > l ~  road  d r i v i n g ,  i t  dcj~xs n o t  h;~vt .  a n  

t y t  i m ~ m  ~ , t ~ n t r o l  s t  r ; l t tXgy. D i s c u s s i ~ v i s  w i t h  t h e  \'Id pro , jc~ . i  enp  i n c ~ r ~ r .  wlicj 

. I ~ . ~ * o I I I ~ . I I ~  it'd tii t .  v ~ l h i ~ .  It. i .w onc  mtwth, ind  i c ; i t r d  t h a t  Cwly I i m i t c 4  t e s t i n g  l i ;~c i  

L I L ~ ~ ~ I I  d tui~l  t i )  tjpt irnizc thrl T . l x i l s  ~ . n n t r c ~ l  s t r ; i t t l g y .  111 p a r t  it.u l , t r ,  t h .  t l ~ r t j t  t lc  

t  imc , .onst  . ~ n t  , m,is imum ntlt17r c u r r t b n t  , l ( ; K  i l ~ ) w ,  and d r t a  i l cd t lirtpt t Ic cy>cln ing 

~ . I i ; i r . ~ ~ * t  c>r i s t  i t,s I I . I V ~ >  n o t  bt~cw t l i ~ > r ~ u g h  l y  i n v ~ . s  t  i g ; ~  t  t>d ; ~ n d  t h c n  tjp t  im i  z t d .  

' 1 '1 i t~ r t~ t ' t j r~~ ,  t h .  ' I ' . ~ s i ' s  pc>ric j rm;~n~-t> r c ~ p c ~ r t ~ ~ ~ ?  lit.rc s h i w l d  nt)t  IIL. k . c m s i d ~ > r ~ d  t o  

: . c p r ~ t s ~ m t  t h c  optimum 1)r cwcn nc;il--opt imum p t ~ r i o n r ~ ; ~ n c c .  o i  ;I Ixir;1 l  IL. l Iiyhr id  . 



1.1.2 Bus 

The Vk Bus was a product ion v e h i c l e .  Its engine  was a two l i ter ,  f u e l - i n j e c t e d  

engine  w i t h  a c a t a l y t i c  conver te r .  It is reasonab le  t o  assume t h a t  t h i s  eng ine  

was optimized s i n c e  i t  is a product ion v e h i c l e  w i t h  i n t e r n a t i o n a l  markets.  

1.2 TEST PROCEDURES 

A l l  t e s t s  followed t h e  Federa l  Tes t  Procedure (FTP). Energy and emiss ions  

performance were measured and repor ted  according t o  t h i s  i n t e r n a t i o n a l l y  known 

cyc le .  The ~ a x i ' s  v a r i e t y  of o p e r a t i o n a l  modes made i t  necessa ry  t o  i n v e s t i g a t e  

t h e  g e n e r a l  c h e r a c t e : i s t i c s  of each c o n f i g u r a t i o n ,  then conduct FTP tests t o  

o b t a i n  t h e  r e p o r t a b l e  d a t a .  No a t t empt  was made t o  conduct road t e s t s  o r  t o  

cons ide r  t h e  v e h i c l e  d r i v e a b i l i t  y c h a r a c t e r i s t i c s .  

1.3 TEST RESULTS 

Tes t  r e s u l t s  of t h e  Tax i ' s  tt.9 b a s i c  o p e r a t i o n a l  modes a r e  l i s t e d  i n  F igure  1-3. 

"he measured performance o t  t h e  VW bus i s  a l s o  l i s t e d .  When comparing t h e  

r e s u l t s  of Figure  1-3, t h e  T a x i ' s  o l d  eng ine  technology and l a c k  of c o n t r o l  

op t imiza t ion  should be considered.  Note t h a t  t h e  CO and HC emiss ions  of t h e  

Bus have been increased by a f a c t o r  t h a t  approximstes  t h e  c a i a l y t i c  c o n v e r t e r  

e f f i c i e n c y .  This has  been done t o  permit  a b e t t e r  comparison I;£ t h e  Taxi and 

Bus performance. 

The Tax i ' s  energy performance f o r  a c t u a l  t e s t  d a t a  is shown i n  F i g u r e  1-4. The 

energy economy advantages of tile On/Off mode a r e  apparen t .  The s m a l l  energy 

consumption i n c r e a s e  f o r  l a r g e r  i n e r t i a  weights  is s u r p r i s i n g  and r e q u i r e s  

f u r t h e r  a n a l y s i s .  
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E L K R K A L  ENERGY/IOTAL ENERGY (%)  

Figu re  1 - 4 .  R e l a t i o n s h i p  of Electrical/Gasol i n c  
Energy Rat i n  t o  Gasol  ine-Equivn l e n t  MP(; 
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SECTION 2 

INTRODUCTION 

4 5~ This  r e p o r t  i s  concerned wi th  t e s t s  on a  g a s o l i n e / e l e c t r i c  hybr id  v e h i c l e .  The 
6 - 

t e s t  program was conducted t o  suppor t  a  s ta te-of- the-ar t  (SOA) r e p o r t  on e l e c t r i c  

and hybrid v e h i c l e s .  Th i s  r e p o r t  was requ i red  by Pub l i c  Law 94-413, t h e  E l e c t r i c  

and Hybrid Research, Development, and Demonstration Act of 1976. This  Law 
= .  requ i red  t h a t  t h e  a d m i n i s t r a t o r  of ERDA s h d l l  develop d a t a  c h a r a c t e r i z i n g  t h e  

p r e s e n t  SOA w i t h  r e s p e c t  t o  e l e c t r i c  and hybrid v e h i c l e s  w i t h i n  a  y e a r  a f t e r  

the  passage of t h e  Act. The d a t a  t h a t  was developed from t h e  SOA work was t o  

s e r v e  a s  b b s e l i n e  d a t a  t o  be u t i l i z e d  t o :  

1 )  Compare improvements on e l e c t r i c  and hybr id  v e h i c l e  technology. 

2 )  Assist i n  e s t a b l i s h i n g  performance s t a n d a r d s  f o r  e l e c t r i c  and 

hybrid v e h i c l e s .  

3)  Otherwise a s s i s t  i n  c a r r y i v g  ou t  t h e  inti.:: of  t h e  Pub l i c  Law. 

ERDLi requested t h a t  NASA provide  t h e  necessa ry  d a t a .  Primary r e s p o n s i b i l i t y  f o r  

=he program was given t o  Lewis Reseazch Center (LeRC). LeRC t e s t e d  n i v e  e l e c t r i c  

v e h i c l e s  and ass igned JPL r e s p o n s i b i l i t y  f o r  t e s t i n g  two a d d i t i o n a l  e l e c t r i c  

v e h i c l e s  and a  hvbrid v e h i c l e .  

Only one hybrid v e h i c l e  was thus  t e s t e d  i n  d i r e c t  support  of t h e  SOA r e p o r t ,  

but LeRC woulr.. i n c l u d e  o t h e r  d a t a  on hybrid v e h i c l c * ~  f o r  t h e  SOA r e p o r t .  The 

JPL t e s t i n g  was thus  only  one p a r t  of t h e  o v e r a l l  hybrid SOA assessment .  

The t e s t s  t o  suppor t  t h e  s t a t e -o f - the -a r t  r e p o r t  were conducted from June 1 4  

t o  J u l y  15, 1977.  These tests i n d i c a t e d  t h a t  t h e  energy economy i n  t h e  On/Off 

mode should be i n v n s t i g a t e d  f u r t h e r ,  s o  the  T a x i ' s  l e a s e  per iod was extended 

t o  September 1. T e s t s  dur ing  t h e  second per iod ccncen t ra ted  on t h e  energy 

economy of t h e  u n i G f f  mode and e f f e c t s  of i n e r t i a  weight changes. 

Resu l t s  of t h e  ~ e s t  s e r i e s  were s u r p r i s i n g ,  p a r t i c u l a r l y  t h e  ve ry  smal l  

i n f l u e n c e  of i n c r t i s  weight on energy economy. I n v e s t i g a t i o n  of t h i s  charac- 

t e r i s t i c  and p o t e n t i a l  energy advantages  of a  hect  e n g i n e - e l e c t r i c  hybrid 

opera ted i n  an On/Off mode a r e  con t inu ing .  T h i s  work w i l l  r e q u i r e  development 



of computer programs t o  p r o c e s s  t e s t  d a t a ;  t h i s  is ue ing  done a t  t h e  p r t s e n t  

t ime.  However, t h e  test r e s u l t s  and i n f o r m a t i o n  r e l a t e d  t o  t h e  tests i s  be ing  

d i s s e m i n a t e d  now s o  i n t e r e s t e d  p e r s o n s  c a n  u s e  t h e  t e s t  d a t a  & ~ n $  - 1 s o  comment 

on a d d i t i o n a l  i n f o r m a t i o n  t h a t  would be  h e l p f u l  i n  t h e  f i n a l  r e p a r t .  

2 .1 VEHICLE SELECTION 

Data on o t h e r  hyb r id  v e h i c l e s  was somewhat l i m i t e d ,  s o  i t  was essential t h a t  

t h e  v e h i c l e  t e s t e d  by JPL be r e p r e s e n t a t i v e  of t h e  b e s t  hyb r id  t echno logy  

a v a i l a b l e  a t  t h i s  t ime.  D i s c u s s i o n s  w i t h  p e r s o n s  f a m i l i a r  w i t h  hyb r id  v e h i c l e s  

i n d i c a t e d  t h a t  t h e  most s o p h i s t i c a t e d  o p e r a t i o n a l  h y b r i d  v e h i c l e  a t  t h e  p r e s e n t  

t ime was a  V W  Tax i .  T h i s  .dsi was c o n s t r u c t e d  by t n e  VW Research  and Develop- 

ment Cen te r  i n  Ko l f sbu rg ,  West Germany, a s  p a r t  c f  a  VW i n t e r e s t  i n  e l e c t r i c  and 

hybr id  v e h i c l e s .  Arrangements  t o  l e a s e  t h e  v e h i c l e  f o r  a  p e r i o d  of 60 d a y s  

were n e g o t i a t e d  through VK of America. I n  a d d i t i o n ,  t h e  l e a s i n g  a r r angemen t s  

provided  f o r  :he s e r v i c e s  of a  VW e n g i n e e r  t o  accompany t h e  v e h i c l e  t o  JPL f o r  

a  pe r iod  of app rox ima te ly  one month. A f t e r  t h e  c o n t r a c t u a l  n e g o t i a t i o n s  were  

comple te .  t h e  v e h i c l e  was f lown t o  t h e  U.S. end a r r i v e d  a t  JPL on May 24. 

Although t h e  pr imary  o b j e c t i v e  of t h e  program was t o  i n v e s t i g a t e  t h e  per formance  

of t h e  VW Taxi ,  i t  was d e s i r e d  t o  o b t a i n  a comparison w i t h  a  c o n v e n t i o n a l  

g a s o l i n e  powered v e h i c l e .  According I y ,  a r r angemen t s  f o r  a  l o a n  of a  p roduc t  i on  

VW Bus were made. The VW Bus was s u p p l i e d  by t h e  VW of America Emission Tes t  

Lab a t  W,~odland H i l l s ,  CA. T h i s  1 ~ b  is l o c a t e d  app rox ima te ly  45  min from JPL 

and - 3  provided  a  conven ien t  r e s o u r c e  t o  check  emis s ion  r e s u l t s  a s  we l l  a s  

p rov id ing  a c c e s s i b l e  suppor t  f o r  t h e  VW Taxi  and Bus. 

2 . 2  VEHICLE AND REPORT CONSIDERATIONS 

Two v e h i c l e - r e l a t e d  f a c t o r s  should  be c o n s i d e r e d  when r ev i ewing  t h e  d a t a  

p r e s e n t e d  i n  t h i s  r e p o r t :  

a .  The VW e n g i n e ,  whicli i s  t h e  o l d  "Beat le"  c a r b u r e t e d  d e s i g n ,  and 
C 

c o n t r o l  s t r a t e g y  were a p p a r e n t l y  n o t  op t imized  t o  o b t a i n  t h e  maximum per formance  
6 . -  

f o r  thTs  p a r t i c u l a r  v e h i c l e  c o n f i g u r a t i o n .  T h i s  i s  p a r t i c u l a r l y  t r u e  of 

emissions performance.  The Taxi  i s  d e s c r i b e d  i n  S e c t i o n  4 ,  which d i s c u s s e s  i t s  



development work. The T a x i ' s  performance should t h u s  be considered t o  r e p r e s e n t  

only  an  e a r l y  a t t empt  t o  produce an energy and emiss ions  e f f i c i e n t  hybrid v e h i c l e .  

The mechanical implementation and many of t h e  components r e p r e s e n t  good techno- 

logy, but  t h e  c o n t r o l  s t r a t e g y ,  EGR, and e l e c t r o n i c  t h r o t t l e  a c t u a t i o n  have not  

received t h e  e x t e n s i v e  f i n e  tuning t h a t  is common wi th  p resen t  day emiss ion 

c o n t r o l  systems. However, i t  is reasonable  t o  expect  t h a t  t h e  VW Bus rece ived  

t h e  ex tens ive  engineer ing development necessa ry  t o  opt imize  t h e  performance of 

its modern two l i t e r  f u e l  i n j e c t e d  engine  and r e l a t e d  emiss ion c o n t r o l s .  

It should t h e r e f o r e  be expected t h a t  t h e  T a x i ' s  performance could be improved 

wi th  a d d i t i o n a l  d e t a i l e d  development work. 

b. No a t tempt  has  been made t o  t e s t  t h e  Taxi i n  e i t h e r  t h e  g a s o l i n e -  

only  o r  e l e c t r i c - o n l y  mode. I n i t i a l  thoughts  may be t h a t  such o p e r a t i o n  could 

be used t o  rompare t h e  two opera t ing  modes wi th  pure  g a s o l i n e  o r  e l e c t r i c  

v e h i c l e s .  However, such comparisons can be expected t o  be h igh ly  unfavorable  

t o  t h e  Taxi s i n c e  i t  a t t e m p t s  t o  s i z e  both  t h e  heat  engine  and e l e c t r i c a l  power 

sources  f o r  a  combined propuls ion system. I f  t h e  T a x i ' s  a n a l y t i c a l  and 

engineer ing des ign  work a r e  p roper ly  done, n e i t h e r  power source  w i l l  be ade- 

q u a t e  t o  provide  good performance s e p a r a t e l y .  I n  t h e  c a s e  of the  Taxi,  i t  

appears  t h a t  t h e  combined g a s o l i n e  engine  and t h e  e l e c t r i c  motor power sources  

a r e  reasonably w e l l  matched t o  provide t h e  perftrmance necessa ry  t o  meet t h e  

FTP d r i v i n g  c y c l e  requirements .  

Because of t h e  system design t h a t  sha res  t h e  p ropu l s ive  e f f o r t  between t h e  two 

power sources ,  i t  does not  appear reasonable  t o  make any d i r e c t  comparisons 

between t h e  T a x i ' s  gasol ine-only  mode o r  t h e  e l e c t r i c - o n l y  mode t o  pure  g a s o l i n e  

o r  e l e c t r i c  v e h i c l e s .  

2.2.1 Test Cycle 

J P L  was d i r e c t e d  t o  conduct only c h a s s i s  dynamometer t e s t s  on t h e  hybrid 

v e h i c l e ,  s o  t h i s  r e p o r t  does not cons ide r :  

1) Road-to-dynamometerdata c o r r e l a t i o n .  

2 )  D r i v e a b i l i t y  c h a r a c t e r i s t i c s ,  

3) Performance ( a c c e l e r a t i o n ,  d e c e l e r a t i o n ,  hand l i n g )  c h a r a c t e r i s t i c s .  



Since chass i s  dynamometer testc were t o  be used t o  acqui re  a l l  da ta ,  t h e  Federal  

Test Procedure (FTP) was used as t h e  base f o r  a l l  t e s t s .  The FTP uses chas s i s  

dynamometer t e s t s ;  its method of repor t ing  f u e l  economy and emissions da t a  is 

in t e rna t iona l ly  known. VW had conducted FTP t e s t s  on the  Taxi p r i o r  t o  its 

shipment, s o  it was known t h a t  the  Taxi could be tes ted  on t h i s  cycle. Only 

the urban pa r t  of the  t e s t s  were conducted. The JPL chass i s  dyno f a c i l i t y  is 

not a i r  conditioned, s o  temperatures approaching ~ O O O F  were noticed i n  t he  VW 

e l ec t ron ic s  compartment during t h e  urban t e s t  cycle.  The warmup procedure and 

higher speeds of the  highway cycle were c e r t a i n  t o  increase  the  room temperature. 

Since t h e  Taxi was a leased and valuable  vehicle ,  r i s k s  associated with t h e  

highway cyc le  operat ion were not incurred. The VW projec t  engineer s t rongly 

supported t h i s  decis ion.  

2.2.2 VW Projec t  Engineer 

The lack of de t a i l ed  information on the Taxi and its degree of f l e x i b i l i t y  placed 

c e r t a i n  l imi t a t ions  on the t e s t i ng  plans before i ts a r r i v a l  a t  JPL. However, 

t h e  VW project  engineer accompanied the Taxi and was thoroughly fami l ia r  with 

its construct ion,  h i s t ~ i y ,  and cha rac t e r i s t i c s .  Since the  pro jec t  engineer was 

going t o  be ava i l ab l e  a t  JF?* f o r  a period of approximately 30 days, i t  was 

decided t o  follow h i s  general  d i r ec t ion  concerning t e s t i n g  a c t i v i t i e s  and ca re  

of the  vehic le  during t h i s  period. The i n i t i a l  t e s t i n g  a c t i v i t i e s  and some 

d e t a i l s  re la ted  t o  the  t e s t i ng ,  p a r t i c u l a r l y  t h e  ba t t e ry  energy and e l e c t r i c a l  

power measurements, were thus conducted i n  t he  general  manner d e f ~ i  ')y th.3 

VW project  engineer. 

2 . 3  ORDER OF REPORTING 

The next sect ion discusses  the r e s u l t s  of the t e s t i ng  program. 7n g. . :ilx3 

d iscussion is limited t o  treatment of the major f ea tu re s ;  more d e t i i l ~ c *  data  is  

contained i n  an Appendix. The next sec t ion  i s  concerned wich a desc r ip t j  on 

of the ove ra l l  t e s t  r e s u l t s ,  Section 4 describes the  VW Taxi. Sect ions 5 and 6 

d i scuss  the  measurement performance of the  JPL f a c i l i t y  aed the  t e s t i ng  sequence 

t h a t  was used t o  der ive  the t e s t  da ta .  The former descr ibes  the most important 

measurements while t he  l a t t e r  sec t ion  includes a descr ip t ion  of che t e s t  philo- 

sophy, problems, and re la ted  a c t i v i t i e s  t h a t  occurred during the  t e s t i n g  program. 



Section 7 contains a brief description of the major f a c i l i t y  equfpment and 

instrumentation. 

2 e f ~ r e m e s  are l i s t ed  a t  the end of t h i s  text .  A short glossary that includes 

terms unique t o  t h i s  report or a general understanding of the trnissions tes t ing  

technology is included before the Table of Contents. 



SECTION 3 

TEST DATA 

This  s e c t i o n  is  concerned w i t h  p r e s e n t a t i o n  and disc i iss ion of t h e  VW Taxi t e s t s  

t h a t  were conducted t v e r  a per iod of approximately 2 112 months. I n t e r p r e t a t i o n  

of t h i s  d a t a  and comments concerning i ts  impl ica t ion  t o  h e a t  e n g i n e - e l e c t r i c  

hybr ids  w i l l  be contair.ed i n  a f u t u r e  rep or^. 

T e s t s  were a?so conducted on a 1977 product ion VW Bus t o  provide an approximate 

comparison between t h e  hybrid Ta::i and a convent ional  v e h i c l e .  These d a t a  a r e  

included a f t e r  t h e  Taxi d a t a  and ai,: d iscussed on ly  b r i e f l y  s i n c e  t h e  Tax i ' s  

energy economy is of primary 3;-  t e r e s t .  

A s  d iscussed i n  Sect ion 4 ,  t h e  VW c o n t r o l  s t r a t e g y  and hardware permit ted  

changes t o  t h r e e  parameters t o  be made e a s i l y :  

a. Engine opera t ing  mode - A c i r c u i t  card changed t h e  opera t ing  mo-'e 

of t h e  g a s o l i ~ e  ~ n g i n e  from t h e  normal hybrid t o  one when t h e  e r k i n e  was o f f  

a t  low v e h i c l e  speeds. I n  t h e  hybrid mode, t h e  engine was on a t  a l l  t imes ,  

including i d l e ,  s o  torque from both  t h e  engine and motor were a v a i l a b l e  t o  

p rope l  t h e  Taxi. In  t h e  o+' - mode, t h e  engine would autoiuat ical ly  t u r n  on 

and off a t  c e r t a i n  v e h i c l e  speeds. The c u t - f ~  speed ar.3 t h e  d i f f e r e n c e  betwsen 

t h e  cut-in a n i  cut-out speeds were individually a d j u s t a b l e .  The clrt-in speed 

was s e t  in  t h e  range of 22 t o  27 m l j s  f o r  t h e  t e s t s ;  cut-out speeds were approx- 

imately  3 t o  5 mph lower than t h e  cut- in  speed. I n  t h i s  mode, t h e  e l e c t r i c  

motor provided a l l  t h e  torque whenever t h e  engine was o f f .  This mode i s  termed 

t h e  "On/Off" mod,? i n  t h i s  r e p o r t .  

b. - Maximum no: or  c u r r e n t  -. The maximum a l lowable  motor c u r r e n t  l i m l  t 

could ba continuouslv v a r i e d  from 200 t o  290 amperes. However, e a r l y  t e s t s  

;;!owed t h a t  t h e  c u r r e n t  had t o  1.- . ? t  t o  a t  l e a s t  230 amp% t o  provide a c c e l e r -  

a t i o ;  c l o s e  t o  tha?  s p e c i f i e d  by t h e  FTP speed-time p r o f i l e .  Fur ther  t e s t s  

ind ica ted  t h a t  s e t t i n g s  of 260 m p s  caused smal l  changes i n  t h e  energy a a t a .  

Accordingly, t h e  v o t o r  c u r r e n t  was s e t  a t  230 amps f o r  a l l  t c s t s  except those  

used t o  i n v e s t i g a t e  t h e  On/Off mode performance and t h e  progr ? concentra ted 

z>n v a r i a b l e s  t h a t  produced s more s i g n i f i c a n t  change. 



c. Thro t t l e  time constant - A c i r c u i t  card provided a t i m e  constant 

between the acce lera tor  pedal motion and the  t h r o t t l e  response. The time 

constant could be changed t o  1.2 o r  2.5 sec by switching c i r c u i t  cards; no 

c the r  va l r~es  were ava i lab le .  The objec t ive  of t h i s  time constant  was t o  per- 

m i t  the  engine t o  ,t.spond r e l a t i v e l y  slowly t o  acce l e ra to r  pedal  motions, thus 

reducing m i s s i o n s  which a r e  g r e a t l y  increased by rapid engine t rans ien ts .  

During t'? time the engine speed w a s  changing, t he  torque change required t o  

meet the acce lera tor  pedal inpS:t command was provided by the  e l e c t r i c  power 

t r a in .  

The i n e r t i a  weight was the  o ther  test var iab le .  

The data  presentat ion i n  t h i s  sec t ion  is  genera l ly  r e l a t ed  t o  a 

or the  average of s eve ra l  t e s t s  on the same test configuration. 

is f requent ly  used as the  reference f o r  t ab l e s  and graphs, s o  a 

t e s t  numbers and basic  information of t he  51 t e s t s  conducted i n  

s p e c i f i c  test, 

Test number 

l i s t i n g  of the  

t h i s  program 

is shown i n  Table 3-1. Table 3-2 gives a summary of t he  primary measurements. 

3.1 APPROACH TO THE TESTING PROGRAM 

The emphasis of t h i s  program was the  inves t iga t ion  of t he  e f f e c t  of d i f f e r e n t  

parameters on tiit! energy u t i l i z a t i o n  of a heat engine-electr ic  hybrid. Because 

of the f l e x i b i l i t y  offered by the VW con t ro l  implementation and chass i s  dyno 

t e s t i ng ,  i t  was poss ib le  t o  conduct t e s t s  with s eve ra l  combinations of t e s t  

parameters without d i s turb ing  the  Taxi 's  mechanical configuration. Results 

from the  d i f f e r e n t  combinations can then be compared t o  i nves t iga t e  t he  e f f e c t  

of the d i f f e r en t  parameters. 

The general approach t o  the t e s t  s e r i e s  was thus t o  obtain comparative da t a  

f o r  d i f f e r e n t  t e s t  configurations.  Even though the  Taxi's s p e c i f i c  heat 

engine-electric hybrid implementation may not  be oprimum, the t e s t  r e s u l t s  

should show the  e f f e c t  of the  parameters t h a t  were changed. 
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3.2 ENERGY REPORTING 

The two energy s o u r c e s  made it necessa ry  t o  r e p o r t  t h e  o v e r a l l  energy economy 

i n  a n  e a s i l y  understood manner. Since  t h e  Taxi u s e s  g a s o l i n e  a s  i ts  primary 

energy source  wi th  a  r e l a t i v e l y  .small p ropor t ion  of e l e c t r i c a l  energy,  t h e  

t o t a l  energy w i l l  be repor ted  i n  t h e  f a m i l i a r  miles pe r  g a l l o n  u n i t s .  The term 

"equivalent  mpg" w i l l  be used t o  d e f i n e  t h e  t o t a l  g a s o l i n e  and e l e c t r i c a l  energy 

consumption. The equ iva len t  spg v a l u e s  were de r ived  from measurements of t h e  

on-board g a s o l i n e  and e l e c t r i c a l  energy requ i red  t o  complete a  t e s t  p l u s  t h e  

energy necessa ry  t o  r echarge  t h e  b a t t e r i e s .  

3.2.1 Tes t  Measurements 

Energy measurements were concerned wi th  t h e  g a s o l i n e  and e l e c t r i c a l  energy t h a t  

were consumed dur ing  a  test. S ince  t h e s e  two measurements de f ined  t h e  energy 

economy of t h e  v e h i c l e ,  cons ide rab le  work was done t o  provide  a c c u r a t e  measure- 

ments. The g a s o l i n e  measurement was based on weigh t a n k  d a t a  t h a t  measured t h e  

t o t a l  weight of g a s o l i n e  consumed dur ing  a  t e s t .  The e l e c t r i c a l  power was 

measured by a  s p e c i a l  c i r c u i t  t h a t  provided d a t a  of power i n t o  and out  of bo th  

b a t t e r i e s  and motor. Basic c a l i b r a t i o n  d a t a  f o r  t h e s e  two measurements a r e  

g iven i n  Paragraphs 5.1.4 and 5.1.5. 

3.2.2 Ba t t e ry  Recharging Energy 

The VW P r o j e c t  Engineer provided a n  e x t e r n a l  cha rger  t h a t  was matched t o  t h e  

VW c o n t r o l  system. Th i s  cha rger  had been des igned f o r  t h e  Taxi and included a  

s p e c i a l  mult i-conductor c a b l e  and connector  t h a t  provided i n r e r l o c k s  between 

t h e  charger  and t h e  on-board c o n t r o l  system. The charger  was a  s e p a r a t e  d e v i c e  

designed f o r  t h e  Taxi but  w i t h  no c o n s i d e r a t i o n  f o r  i t s  o v e r a l l  e f f i c i e n c y .  Its 

exac t  e f f i c i e n c y  was no t  known. 

Because of t h e  i n t e r l o c k s ,  i t  would have been a  s i g n i f i c a n t  t a s k  t o  r e p l a c e  

t h e  charger .  The VW P r o j e c t  Engineer had a  s t r o n g  p re fe rence  t o  use  t h e  u n i t  
* - ' ?  t h a t  had proven t o  be compatible wi th  t h e  Taxi s o  no  a t tempt  was made t o  u s e  

.. a  d i f f e r e n t  charger .  



Since the  charger could not be r ead i ly  replaced and i ts e f f i c i ency  was unknown, 

only minimal e f f o r t  was made during the t e s t s  t o  def ine  the  energy required t o  

recharge the  b a t t e r i e s  a f t e r  a t e s t .  Using energy based on the  i n e f f i c i e n t  VW 

charger would c e r t a i n l y  not give a good comparison t o  cur ren t  technology, s o  t h i s  

procedure a s  adopted : 

1)  Measure the  ba t t e ry  power out (discharge) and power i n  (charge) during 

a t e s t .  Subtract  t he  two t o  ob ta i r  t he  ne t  ba t t e ry  power used during 

a t e s t .  

2) Assume an ove ra l i  charge/discharge e f f ic iency  of 0.7 during a t e s t .  

The ne t  ba t t e ry  power consumed during a t e s t  was thus increased by t h e  

0.77 e f f ic iency  t o  est imate the energy remaining i n  t he  ba t t e ry  a f t e r  

the  test. 

3) Assume t h a t  a 10 percent overcharge is  necessary during the  charging 

cycle . 
4) Assume an e f f ic iency  of 0.77 f o r  t he  charger and b a t t e l  i e s  during the 

recharging cycle.  This value is the  average of the  e f f i c i e n c i e s  

reported f o r  a recent  veh ic l e  t h a t  represents  good cur ren t  

technology ( re f .  1) 

Gasoline provided the  dominant energy source; e l e c t r i c a l  energy accounted f o r  2 t o  

25 percent of the  t o t a l  energy. Since the  gasol ine  weight measurement was repeat- 

ab le  t o  within 0.5 percent,  t h i s  procedure should minimize o v e r a l l  v a r i a t i o n s  i n  the  

energy economy values by providing a cons is ten t  treatment of the  recharging energy. 

In  order t o  repor t  the  combined gasol ine  and e l e c t r i c a l  energy i n  e a s i l y  under- 

stood u n i t s ,  energy values a r e  defined i n  "equivalent miles  per  gallon" uni t s .  

This term includes both the  gasol ine  and e l e c t r i c a l  energy used during a t e s t  p lus  

t h e  recharging energy defined above. Table 3-3 shows t h e  der iva t ion  and constants  

used f o r  t h i s  value. It should be noted t h a t  the  gasol ine da t a  is  based on the 

weight of gasol ine consumed during a t e s t ,  not emissions-based ca l cu la t ions  of 

gasol ine t h a t  a r e  defined by the  FTP. Po ten t i a l  e r r o r s  of the FTP techniques, 

p a r t i c u l a r l y  a s  r e l a t ed  t o  t he  Taxi, a r e  discussed i n  Paragraph 5.2.1. Actual 

mileage dr iven f o r  a l l  t e s t s  is a l s o  used, not the  nominal value used f o r  t he  

FTP cycle of SAE J227a cycles. 

Foss i l  f u e l  convereion e f f i c i e n c i e s  t o  e i t h e r  energy or emis~ic j lc  a t  t he  veh ic l e  

are not  considered i n  t h i s  report .  
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Table 3-3. Equivalent MPG Units 

MEASURED PARAMETERS 

Gasoline weight f o r  t h e  t e s t  (grams) 

Power out  of t h e  b a t t e r i e s  (discharge) f o r  t h e  test (watt  h r s )  

Power i n t o  t h e  b a t t e r i e s  (charge) f o r  t h e  test (watt  hrs )  

GASOLINE 1 0  W-hr CONVERSION 

Energy of gasoline:  19,600 BTU/lb 

BTU t o  kW-hr: 2.93x10-~ kw-hr/BTU 

(Grams of gasol ine)  (1 .266xl0-~)  = kW-hrs of gaso l ine  energy 

BATTERY POWER 

Power requi red  t o  conduct a  test 

Power out-power i n  = n e t  measured b a t t e r y  power 

Net measured b a t t e r y  power 
0.77 b a t t e r y  chargeld ischarge  e f f i c i e n c y 1  = kW-hrs removed from b a t t e r y  

Power requi red  t o  recharge t h e  b a t t e r i e s  

(kW-hrs removed from b a t t e r y )  + (10% f o r  overcharge) = kw-hrs of electrical energy 
0.77 b a t t e r y  charge + charger  e f f  ic iency2 

EQUIVALENT MPG 

Grams t o  ga l lons  conversion: 2798 grams/gallon3 

[(kw-hrs gasol ine)  + (kw-hrs e l e c t r i c a l )  ) = Equivalent  grams of gaso l ine  1 (1.266~10-2 

Equivalent  grams of gaso l ine  = Equivalent  ga l lons  f o r  t h e  t e s t  
2798 gramslgallon 

Equivalent  ga l lons  
= Equivalent  mpg 

Actual mi l e s  driven4 

X ELECTRICAL ENERGY 

kW-hrs of e l e c t r i c a l  ener 100 = X e l e c t r i c a l  energy 
(kW-hr s of energy + kW-hrs of ef:ctricnl energy) 

1. Value provided by W. Rippel of JPL a s  r e p r e s e n t a t i v e  of c u r r e n t  t e ~ h n o l o g y  

2. Value taken from reference  1 

3. Conversion f a c t o r  spec i f i ed  by t h e  Federal  Test  Procedure 

4. Actual  mi l e s  dr iven ,  wi th  a r e so lu t ion  of 0.01 mi les ,  was used because t h e  Taxi ' s  
power was inadequate t o  meet t h e  t e s t  p r o f i l e  under c e r t a i n  condi t ions .  This  r e s u l t e d  
i n  l e s s  mi l e s  a c t u a l l y  d r iven  than spec i f i ed  by t h e  t e s t ' s  speed-time p r o f i l e .  



3.3 TEST INFORMATION 

Since t h e  heat engine-electr ic  hybrid configurat ion w i l l  have exhaust emissions, 

it was necessary t o  def ine  emission performance f o r  the  work t h a t  supported t h e  

state-of-the-art  report .  Tests  according t o  the  Federal Test Procedure (FTP) 

were thus  given primary emphasis because they provided an in te rna t iona l ly-  

understood method of repor t ing  both gasol ine f u e l  economy and emissions per- 

formance. The widely accepted SAE J227C and J227D cycles  were a l s o  used t o  

provide performance comparison with e l e c t r i c  vehicles .  In  addi t ion,  these  

cycles  a r e  more amenable t o  a n a l y t i c a l  treatment than the  FTP s o  5227 da t a  

would be use fu l  f o r  f u t u r e  a n a l y t i c a l  work. 

3 . 3 . 1  Federal Test Procedure Tests  

FTP t e s t s  were conducted throughout t he  2-112 month t e s t  period. The v a r i a b i l i t y  

of t h e  FTP ( r e f .  1 )  is  recognized, so  tests t o  de f ine  the  f a c i l i t y  r e p e a t a b i l i t y  

were conducted a t  i n t e r v a l s  throughout the  t e s t i n g  a c t i v i t i e s .  Paragraph 5.2.1 

descr ibes  these  r e p e a t a b i l i t y  t e s t s  i n  8 e t a i l .  A summary of these  r e s u l t s  is 

shown i n  Table 3-4. 

Table 3-4. Test Repeatabi l i ty  

Gasoline f u e l  economy (mpg) 

Emissions-weigh tank f u e l  
economy agreement 

Emissions 

HC 

CO 

Nox 

- 

Repeatabi l i ty  - + (%) 

F u l l  FTP 
Urban Cycle 

- -  

Hot 505 
Cycle 



Two methods were used t o  measure f u e l  economy. The FTP s p e c i f i e s  a procedure 

t h a t  is based on emission measurements; JPL a l s o  u s e s  a weighing system a s  an 

independent check. The v a l u e s  i n  Table 3-4 show t h e  maximum spread of t h e  d a t a  

f o r  t h e  b a s e l i n e  conf igura t ion  over a two month per iod .  Data from two o r  more 

t e s t s  on a s i n g l e  v e h i c l e  conf igura t fon  were conducted w i t h i n  a few days  t ime 

and have b e t t e r  agreement. 

Only t h e  FTP urban c y c l e  was run; t h e  combination of hot  weather i n  t h e  Los 

Angeles a r e a  dur ing t h e  sumner months and l i m i t e d  a i r  cond i t ion ing  i n  t h e  test 

f a c i l i t y  d i d  no t  p e r n i t  t h e  EPA highway c y c l e  t e s t s  t o  be conducted. Experience 

e a r l y  i n  t h e  program showed t h a t  temperatures w i t h i n  t h e  v e h i c l e s ,  p a r t i c u l a r l y  

t h e  torque conver te r  f l u i d  and In t h e  e l e c t r o n i c s  a r e a ,  were v e r y  near  t h e  

maximum l i m i t s  s p e c i f i e d  by VW. The a d d i t i o n a l  h e a t  load of t h e  highway c y c l e  

would c e r t a i n l y  have caused t h e  temperatures  t o  exceed t h e s e  l i m i t s .  Accord- 

ing ly ,  a l l  r e f e r e n c e s  t o  t h e  FTP i n  t h i s  r e p o r t  assume t h e  urban d r i v i n g  cyc le .  

3.3.2 SAE J227C and 52270 T e s t s  

These t e s t s  were conducted near  t h e  end of t h e  t e s t  program. A series of tests 

t h a t  included s e v e r a l  i n e r t i a  weights and d i f f e r e n t  sp-ed s e t t i n g s  of t h e  

engine On/Off mode would have been d e s i r e a b l e ,  but  t ime l i m i t a t i o n s  prec!.uded 

g e t t i n g  a l l  t h e  d e s i r e d  d a t a .  

3 . 3 . 3  Other Considerat ions  

Severa l  o t h e r  f a c t o r s  en te red  i n t o  t h e  t e s t i n g  prograin. The most apparent  was 

t h e  combination of t h e  v a l u e  of t h e  v e h i c l e  and i t s  u n f a m i l i a r i t y  t o  JPL 

personnel.  The v e h i c l e  was insured f o r  $400,000; its maintenance was dependent 

on t h e  VW p r o j e c t  engineer  who accompanied t h e  v e h i c l e  f o r  t h e  f i r s t  45 days  of 

t e s t i n g .  A f t e r  t h i s  pe r iod ,  he re tu rned  t o  West Germany f o r  h i s  scheduled 

vaca t ion  and s o  was u n a v a i l a b l e  f o r  ever1 phone conversat ions .  Tes t ing  cont inued,  

but conserva t jve  approaches were used a t  a l l  t imes s i n c e  a mis take could make 

t h e  v e h i c l e  u s e l e s s  f o r  t h e  remainder of t h e  l e a s e  per iod.  T e s t s  were t h e r e f o r e  

l imi ted  t o  those  t h a t  could be conducted wi th  minimurii r i s k  whi le  ob ta in ing  t h e  

maximum informat ion concerning t h e  v e h i c l e ' s  energy performance 



3 . 3 . 4  Reporting Sequence 

The t e s t s  obtained both  energy (gaso l ine  weight and b a t t e r y  e l e c t r i c a l  power) 

and emissions da ta .  Even though t h e  emissions d a t a  a r e  a v a i l a b l e ,  t h i s  s e c t i o n  

emphasizes energy c o n s i d e r a t i o n s  and only  r e p o r t s  t h e  emission d a t a .  Thfs is 
b 

necessary  because t h e  scope of t h e  t e s t  program did  n o t  permit  t h e  complex work 

necessary  t o  thoroughly i n v e s t i g a t e  emissions parameters. I n  a d d i t i o n ,  t h e  

v e h i c l e  c h a r a c t e r i s t i c s  d iscussed tn Sec t ion  4  makes i t  probable  t h a t  t h e  T a x i ' s  

emission performance does n o t  r e p r e s e n t  t h e  s ta te-of- the-ar t  n e a r l y  a s  w e l l  a s  

does i t s  energy performance. Accordingly, t h e  emission d a t a  are repor ted  bu t  

have r e l a t i v e l y  l i t t l e  d i scuss ion .  

A b a s e l i n e  conf igura t ion  of t h e  Hybrid mode, 1 .2  s e c  t h r o t t l e  t ime c o n s t a n t ,  

230 amps motor c u r r e n t ,  and 3500 l b  i n e r t i a  weight was e s t a b l i s h e d  f o r  t h e  Taxi. 

This conf igura t ion  was def ined  by d i s c u s s i o n s  wi th  t h e  VW P r o j e c t  Engineer and 

from e a r l y  t e s t  d a t a .  I n  p a r t i c u l a r ,  t h e  Hybrid mode and i . 2  s e c  t ime cons tan t  

provided t h e  b e s t  d r i v i n g  c h a r a c t e r i s t i c s ;  t h i s  was important f o r  t h e  repea t -  

a b i l i t y  t e s t s  d iscussed i n  Paragraph 5.2.1. 

A s  d i scussed ,  p rev ious ly  t h e  t e s t  program included two types  of t e s t s  and t h r e e  

d i f f e r e n t  combiL~ations of t e s t  parameters.  Test  r e s u l t s  of g e n e r a l  i n t e r e s t  

inc lude  energy economy, emissions,  and range. This number of d i v i s i o n s  i n  t h e  

d a t a  makes i t  necessa ry  t o  subd iv ide  t h i s  s e c t i o n  i n  a s  c l e a r  a  manner a s  pos- 

s i b l e .  Since t h e  t e s t  type  (FTP o r  PAE J227a) is  probably t h e  d i v i s i o n  of 

i n t e r e s t  t o  most r eaders ,  t e s t  type w i l l  be used a s  t h e  major subd iv i s ion  of 

t h i s  s e c t i o n .  Paragraphs 3.4 and 3.5 w i l l  thus  d e a l  wi th  t h e s e  t e s t  types .  

The engine opera t ing  mode, e i t h e r  Hybrid o r  On/Off, has  t h e  dominant a f f e c t  on 

energy performance s o  t h e  next  subd iv i s ion  w i l l  concern t h e  two engine opera t ing  

modss. The a f f e c t  of .ne r t i a  weight and t h r o t t l e  t ime c o n s t a n t  w i l l  be d i s -  

cussed f o r  both  engine modes. The VW Bus t e s t s  a r e  included i n  Paragraph 3.6. 



3.4 FEDERAL TEST PROCEDURE TESTS 

There were 18 s u c c e s s f u l  Federa l  Tes t  Procedure (FTP) t e s t s  conducted dur ing  

t h e  2-112 month t e s t  per iod.  Table 3-5 shows t h e  number of t e s t s  conducted 

f o r  each t e s t  conf igura t ion .  

The average d a t a  f o r  t h e s e  twts of each c o n f i g u r a t i o n  a r e  s;.own i n  Fig7:re 3-1. 

The a b c i s s a  d e f i n e s  t h e  r a t i o  of e l e c t r i c a l  energy t o  t h e  t o t a l  energy requ i red  

f o r  a  t e s t ;  t h e  o r d i n a t e  i n c l u d e s  bo th  g a s o l i n e  and e l e c t r i c a l  energy i n  t h e  

"Equivalent MPG" v a l u e s  . 

For t h i s  s e c t i o n ,  a  s e t  of b a r  graphs shows t h e  energy and emiss ion performance 

f o r  each t e s t  conf igura t ion .  These graphs  i n c l u d e  g a s o l i n e  energy; b a t t e r y  

power; and NOx, CO, and HC emiss ions  (weighted grams p e r  m i l e ) .  Gasol ine  con- 

sumption is  based on weigh t ank  d a t a  and i s  s t a t e d  i n  mpg u n i t s .  Ba t t e ry  power 

f o r  t h e s e  graphs  is def ined a s  t h e  n e t  b a t t e r y  watt-hours dur ing a  t e s t ,  and is 

t h e  d i f f e r e n c e  between t h e  measured c h a r r e  and d i s c h a r g e  power. The b a t t e r y  

power d a t a  i n  t h e s e  bar  graphs included a  b a t t e r y  e f f i c i e n c y  of 77 pe rcen t  f o r  

t h e  charge ld i scharge  dur ing a  t e s t .  The energy needed t o  r e s t o r e  t h e  b a t t e r i e s  

t o  t h e i r  i n i t i a l  charge  is included i n  a l l  t h e  Equivalent  MPG and e l e c t r i c a l  

energy - -a t io  v a l u e s  f o r  t h e  p l o t s  wi th  t h e  format of F i g u r e  3-1. This shows 

t h e  average r e s u l t s  of t h e  FTP r e s t s  a s  a  r e f e r e n c e  f o r  t h e  r e s t  of t h i s  s e c t i o n .  

Table 3-5. Federa l  Tes t  Y o c e d u r e  T e s t s  
1 - 

Mode 

Hybrid 

Hybrid 

On /Off 

I 

T h r o t t l e  
Time Constant 

(Seconds) 

1.2 

2.5 

1.2 

Number of T e s t s  a t  D i f f e r e n t  I n e r t i a  Weights 

3500 l b  

5  

4 

3 

4000 l b  

2 

4500 l b  

2 

2 



ID IFlERTlA THROTTLE ENGINE SPEEDS 
NUMBER WEIGHT TIME CONSTANT CUT-IN CUT-OUT 

1 HYBRID 3500 1.9 . . -. . . - .-. . 

2 HYBRID 3500 2.5 - 
3 HYBRID 4000 1.2 
4 HYBRID 4500 1.2 
5 ON/OFF 35rU) 1.2 22 19 
6 ON/OFF 4500 1.2 22 19 
7 ON/OFF 3500 1.2 26 2: 

1 APPLICABLE ONLY TO THE ON/OFF MODE 

Figure  3-1. Averaged FTP T e s ~  3a ta  

3.4.1 Hybrid Mode Data 

Energy and emission r e s u l t s  from f o u r  Hybrid mode t e s t  c o n f i g u r a t i o n s  a r e  shown 

i n  F igures  3-2 through 3-16. 

a .  Base l ine  Conf igura t ion  - Figur  !-2 shows d a t a  f o r  t h e  15 t e s t s  

( 8 ,  10,  1 3 ,  3 0 ,  and 42) of rhe b a s e l i n e  c o n f i g u r a t i o n .  No emissj.ons d a t a  a r e  

a v a i l a b l e  f o r  Tes t  8 because of equipment f a i l u r e  i n  t h e  m i s s i n n s  measuring 

system, b u t  t h e  energy d a t a  a r e  v a l i d .  With t h e  excep t i cn  of Tes t  4 2 ,  t h e  

energy d a t a  a r e  w i t h i n  5 2  pe rcen t  of t h e  average .  Tes t  42 was conducted l a t e  

i n  t h e  series. There was a  s e v e r e  b a c k f i r e  one day p r i o r  t o  t h e  test .  bu t  

t h e r e  is  no evidence  of any unusual  c h a r a c t e r i s t i c s  i n  t h i s  t e s t .  F igure  

3 -3  shows t h e  energy d a t a  i n  t h e  same format a s  t h a t  used f o r  t h e  ave rage  



MODE: HYBRID 
THR0rrl.E TIME CONSTAM: 1.2 sac 
INERTIA WEIGHT: 3500 Ib 

EQUIVALENT mpg: 
0 5 10 15 20 25 TEST NU(, BER 

8 
10 
13 
30 
42 

8 
10 
13 
30 
42 

8 
10 

13 
30 
42 

8** 
10 
13 
30 
42 

8'. 
10 
13 
30 

42 

8** 
10 
13 
30 
42 
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NOX EMISSIONS ( w i g h t d  pms/mile) 
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C O  EMISSIONS (wightad gma/miie) 
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HC EMISSIONS (weighted gmms/mile) 
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I 
1 2.,ll 

2.35 
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MEASURED CHARGE AND DISCHARGE BATTERY POWER PUS RATTERY EFFICIENCY OF 0.77, OR 

NET POWER = DISCHARGE - CHARGE 
o.n 

*' N O  EMISSIONS DATA FROM TEST 8 BECAUSE OF EQUIPMENT FAILURE 

Figure 3-2. Test Results for Baseline Configuration 
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MOM: HYBRID 
THROTTLE TIME CONSTANT: 1.2 s r  
INERTIA WIGHT: 3500 Ib 

ELECTRKAL ENERGYmTAL ENERGY ( % ) 

Figure 3-3. Graph of Baseline FTP Test Data 



d a t a  of Figure 3-1. Since t h e  e l e c t r i c a l  energy accounted f o r  only 1.5 percent 

of t h e  t o t a l  energy f o r  t h e  test, a small  dev ia t ion  i n  t b e  b a t t e r y  power ( e i t he r  

charge o r  discharge)  can cause a s i g n i f i c a n t  s h i f t  i n  t h e  abc i s sa  va lue  of I i 
Figure 3-3. This  c h a r a c t e r i s t i c  is t r u e  of a l l  t h e  Hybrid mode tests. 

Tes ts  were conducted a t  i n e r t i a  weights of 3500 l b ,  4000 lb ,  and 4500 lb.  The 

Taxi 's  performance was not  q u i t e  adequate t o  meet t h e  acce l e r a t i on  of one p a r t  

of t he  FTP speed-time p r o f i l e  a s  shown i n  Figure 3-4. The g r e a t e s t  lag between 

the  spec i f ied  and a c t u a l  acce l e r a t i on  occurred during t h e  ramp f r a a  187 t o  204 

s e c  i n t o  t h e  t r ans i en t  phase, s o  t h i s  p a r t i c u l a r  segment w i l l  be shown f o r  a l l  

t h e  test configurations.  With t h e  3500 l b  i n e r t i a  weight, t h e  Taxi 's  per fom-  

ance was inadequate f o r  about half  t h i s  ramp as shown i n  Figure 3-4. The speed 

l ags  t he  spec i f ied  value by about 1.5 mph i n  t h i s  case. Since t h i s  p a r t i c u l a r  

acce le ra t ion  ramp represen ts  t h e  a r e a  where t h e  Taxi's performance lagged t h e  

FTP t h e  g r e a t e s t  amount, i t  w i l l  be used a s  a re fe rence  f o r  a l l  configurat ions.  

The d i p  a t  175 sec  i n  Figure 3-4 was caused by d r i v e r  e r ro r .  This p a r t + ? u l a r  

s ec t i on  of char t  was se lec ted  t o  show a r e l a t i v e l y  l a rge  e r ro r .  The thr  :tle 

t i m e  constant made the  Taxi r a t h e r  d i f f i c u l t  t o  d r i v e  t o  match the  FTP dr iv ing  

cycle  when compared t o  o the r  cars .  A s  an example, t he  d r i v e r  used f o r  a l l  t he  

Taxi tests das a b l e  t o  c lose l ]  match t h e  d r iv ing  cyc le  wi th  few devia t ions  wi th  

e i t h e r  a conventional VW Bus o r  a Chevrolet. 

b. 2.5 Second Thro t t l e  Time Constant - The next d a t a  set shows the  

e f f e c t  of changing the  t h r o t t l e  time constant  from the  base l ine  configurat ion 

va lue  of 1.2 sec  t o  2.5 sec.  With t h i s  change, t he  t h r o t t l e  pos i t i on  w i l l  lag 

the  acce l e r a to r  pedal input s i gna l  t o  a g r e a t e r  degree than t h a t  of the  base l ine  

configurat ion.  Resul ts  a r e  shown i n  Figures 3-5 and 3-6, which correspond t o  

those f o r  the basel ine da ta .  
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MODE: W I D  
THROtTlf TIME CONSTANT: 2.5 soc 
IFLRTlA WIGHT: 3SO 1b 

EQUIVALENT moo: 

GASOLINE CONSUMPTION (mpg): 

NET MTTERY POWER (wot t4mm)*  
0 1 0 0 m 3 0 0 4 w W K ) 6 0 0 7 0 0 8 D O # X ) 1 O O O  

N O W  EMISSIONS iwddhd amm/mile) 

CO EMISSIONS (mf&hd gmnr/mile) 
0 5 10 I S  20 25 30 35 40 45 50 

HC EMISSIONS (wfghhd gmms/mile) 
0 1 2 3 4 5 6 7 8. 9 10 

IA~ASURED CHARGE AND DISCHARGE BATTERY POWER PUS BATTERY EFFKIENCY OF 0.77, OR 

NET MTTERY POWER ' ww 

Figure 3-5. Test Results for  Baseline Configuration Except for  
2 . 5  Sec Throttle Time Constant 



Figure  3-6. Graph of 2.5 Sec T h r o t t l e  Time Constant  T e s t s  

MOM: HYBRID 
THROTTLE TIME CONSTANT: 2.5 sac 
INERTIA HLIGHT: 3500 Ib 

ELECTRICAL ENERG'i/TOTAL ENERGY ( % ) 

The speed l a g  i n  t h e  v i c i n i t y  of 200 s e c  shown i n  Figure  3-7 is s l i g h t l y  l e s s  

than  t h a t  f o r  t h e  1.2 s e c  t h r o t t l e  d e l a y  shown i n  Figure  3-4. This i s  caused 

by a  t o o  rap id  a c c e l e r a t i o n  a t  t h e  s t a r t  of t h e  ramp. There should be no 

d i f f e r e n c e  between t h e  1.2 and 2.5 s e c  t e s t  c o n f i g u r a t i o n s  a f t e r  t h e  maxinium 

power cond i t ion ,  when t h e  t h r o t t l e  has reached i ts  maximm opening,  is reached.  

The d r i v e r ' s  d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  speed-time p r o f i l e  w i t h  t h e  2.5 

s e c  t h r o t t l e  d e l a y  is shown by t h e  t r a c e  dur ing  t h e  i n i t i a l  ramp (about 170 s e c )  

and a t  n e a r l y  s t e a d y - s t a t e  speeds  a f t e r  t h e  a c c e l e r a t i o n s  were completed (about 

240 s e c ) .  The a c t u a l  speed t ime t r a c e  of t h e  o t h e r  Hybrid mode t e s t s  dur ing  

t h e  i n i t i a l  ramp c l o s e l y  fo l lows t h e  FTP p r o f i l e  (Figures  3-4 and 3-10). 
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c. 4000 Pound I n e r t i a  Weight - The e f f e c t  of changing t h e  i n e r t i a  

weight from t h e  3500 l b  b a s e l i n e  v a l u e  t o  4000 l b  i s  shown i n  F igures  3-8 and 

3-9. Note t h a t  t h e  t h r o t t l e  t ime cons tan t  is 1.2 s e c ,  s o  t h e s e  two t e s t s  should 

be compared t o  t h e  b a s e l i n e  conf igura t ion  shown i n  F igures  3-2 and 3-3. S ince  

t h e  two 4000 l b  tests showed good r e p e a t a b i l i t y ,  no f u r t h e r  t e s t s  were conducted. 

The a c c e l e r a t i o n  w i t h  t h e  4000 l b  i n e r t i a  weight,  shown i n  F igure  3-10, is very  

s i m i l a r  t o  t h a t  of t h r  3500 l b  i n e r t i a  weight of F igure  3-4. Th is  i n d i c a t e s  

no s u b s t a n t i a l  d i f f e r e n c e s  between t h e  adherence t o  t h e  FTP speed-time p r o f i l e  

f o r  t h e  3500 l b  and 4000 l b  conf igura t ions .  Since  t h e s e  two tests were run  on 

consecut ive  days ,  r e p e a t a b i l i t y  is good. The 211 watt-hour d i f  f  e r e n c t  i n  t h e  

b a t t e r y  power r e p r e s e n t s  l e s s  than 0.8 pe rcen t  of t h e  t o t a l  energy required f o r  

a t e s t ,  y e t  causes  a s i g n i f i c a n t  s h i f t  i n  t h e  a b c i s s a  v a l u e  of F igure  3-9. 

d. -. 4500 Pound I n e r t i a  Weight - Two a d d i t i o n a l  t e s t s  provide ano ther  

po in t  f o r  t h e  i n e r t i a  weight e f f e c t .  The t h r o t t l e  t ime cons tan t  remains a t  

1.2 sec .  F igures  3-11 and 3-12 show t h i s  da ta .  These t e s t s  were a l s o  run on 

consecut ive  days  s o  t h e  r e p e a t a b i l i t y  is s i m i l a r  t o  t h a t  of t h e  4000 l b  tests. 

A review of t h e  speed-time p r o f i l e  of F igure  3-13 shows t h a t  t h e  Taxi d e f i n i t e l y  

had inadequate  power t o  mainta in  t h e  a c c e l e r a t i o n s  of t h e  FTP wi th  t h e  4500 l b  

i n e r t i a  weight.  This was p a r t i c u l a r l y  t r u e  of t h e  ramp near  205 s e c .  Note t h a t  

t h e  Tax i ' s  performance was s l i g h t l y  below t h e  s p e c i f i e d  p r o f i l e  dur ing  t h e  time 

a t  about 170 s e c ,  a l though t h i s  p a r t  of t h e  t r a c e  w l s  followed w i t h  t h e  4000 l b  

i n e r t i a  weight. The t o t a l  d i s t a n c e  a c t u a l l y  t r a v e l l e d  was about 3.52 m i l e s  

i n s t e a d  of t h e  3.6 m i l e s  s p e c i f i e d  by t h e  FTP, which is  ano ther  i n d i c a t i o n  of 

t h e  l a c k  of adequate a c c e l e r a t i o n  at  t h i s  i n e r t i a  weight.  S ince  a l l  d a t a  use  

t h e  a c t u a l  d i s t a n c e  t r a v e l l e d ,  no t  t h e  nominal FTP d i s t a n c e ,  t h e  repor ted  

energy economy v a l u e s  consider  t h e  s h o r t e r  d i s t a n c e .  
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MODE: HYBRID 
THROTTLE TIME CONSTANT: 1.2 soc 
INERTIA WEIGHT: 4000 Ib 

EQUIVALENT mpg: 
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MEASURED CHARGE AND DISCHARGE BATTERY POW~R PLUS MTTERY EFFICIENCY OF 0.77, OR 

NET MTTERY POWER 'IXHA 

Figure 3-8. Test Results for Hybrid Mode 4000 l b  Inertia Weight 
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MODE: HYBRID 
THROTTLE TIME CONSTANT: 1.2 sac 
INERTIA WEIGHT: 4000 Ib 

F i g u r e  3-9. Graph of Hybrid Mode 4000 l b  Inertia Weight Tes t s  



TE
ST

 
ID

E
N

T
IF

IC
A

T
IO

N
 

TE
!3

 
N

U
M

B
ER

: 
26

 
IN

A
D

E
Q

U
A

TE
 

A
C

C
E

LE
R

A
TI

O
N

 
M

O
D

E
: 

H
YB

R
ID

 

TH
R

O
TT

LE
 T

IM
E

 C
O

N
S

T
A

N
T

: 
1.

2 
sa

c 
IN

E
R

TI
A

 W
E

IG
H

T:
 

40
00

 I
b

 

20
 

2 
A

D
E

Q
U

A
TE

 A
C

C
E

L
E

U
T

IO
N

 
10

 

\ 

TI
M

E
 A

FT
ER

 
ST

AR
T 

O
F

 T
ES

T,
 

se
e 

F
ig

u
re

 3
-1

0.
 

T
y

p
ic

a
l 

FT
P 

S
p

ee
d

-T
im

e 
P

r
o

fi
le

 C
h

ar
t 

fo
r

 
H

yb
ri

d
 M

od
e 

4
0

0
0

 
lb

 I
n

e
r

ti
a

 W
ei

gh
t 

T
es

t 



TEST NUMBER 

u 
4 

u 
45 

u 
45 

u 

45 

U 

4 

MODE: HYBRID 
THROTTLE TIME CONSTANT: 1.2 sac 
INERTIA WEIGHT: 4500 Ib 

EQUIVALENT mpa: 

GASOLINE CONSUMPTION (mpg): 
0 5 10 15 20 25 30 

NET BATTERY POWER (wott-harn) 
0 100 200 3 0 0 4 0 0  5 0 0 6 0 0  7 0 0 8 0 0 9 M ) 1 O O O  

1066 

NOX EMISSIONS (weighted gmm/dle) 

CO EMISSIONS (weighted gmmr/mile): 

HC EMISSIONS (weighted gmms/mile): 

Figure 3-11. Test Resl1l.t~ for  Hybrid Mode 4500 l b  Inertia Weight 
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MODE: HYBRID 
THROTTLE TIME CONSTANT: 1.2 S ~ C  
INERTIA WEIGHT: 4500 Ib 

Figure 3-12. Graph of Hybrid Mode 4500 lb Inert ia  Weight Tests 
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e.  Test  R e p e a t a b i l i t y  - Since  t e s t  r e s u l t s  over a  2-112 month pe r iod  

us ing a  t e s t  c y c l e  w i t h  known v a r i a b i l i t y  problems ( r e f .  1) a r e  used t o  compare 

energy performance, i t  is necessary  t o  cons ide r  t h e  v a r i a b i l i t y  of t h e  d a t a  

shown i n  t h e  previous  f i g u r e s .  The v a r i a b i l i t y  can b e s t  be  es t ima ted  by 

reviewing t h e  r e s u l t s  of t h e  two d a t a  s e t s  f o r  t h e  b a s e l i u e  c o n f i g u r a t i o n  and 

those  wi th  only  t h e  t h r o t t l e  time cons tan t  changed. These 9 t e s t s  (5 b a s e l i n e  

and 4 wi th  t h e  2.5 se r  t h r o t t l e  t ime c o n s t a n t )  were conducted throughout t h e  

2-112 month t e s t  per iod.  Since  t h e  t h r o t t l e  t ime c o n s t a n t  had a  r e l a t i v e l y  

smal l  a f f e c t  on t h e  energy performance, both  d a t a  sets have s i m i l a r  cha rac te r -  

i s t i c s .  The energy d a t a  f o r  t h e s e  two c o n f i g u r a t i o n s  % r e  p l o t t e d  a g a i n s t  t i m e  

i n  Figure  3-'4 t o  show t h e  energy r e p e a t a b i l i t y  d u r i n g  t h e  test per iod .  The 

two or  t h r e e  t e s t s  f o r  o t h e r  c o n f i g u r a t i o n s  were g e n e r a l l y  conducted w i t h i n  a  

few days s o  t h e i r  energy d a t a  spread is t y p i c a l l y  +1 percen t .  The d a t a  spread 

of Figure 3-14 thus  provides  a good i n d i c a t i o n  of t h e  p robab le  v a r i a t i o n  i n  t h e  

energy d a t a  f o r  a l l  t e s t s  inc lud ing  t h o s e  i n  t h e  OnlOff mode d i s c u s s e d  i n  t h e  

next  s e c t i o n .  A reasonable  v ~ ' . u e  is t 3  percen t ;  a l l  t h e  r e s u l t s  f o r  t h e  9 t e s t s  

a r e  wi thin  th;  4 range. 

f .  Summary of t h e  Hybrid Elode Data - The energy economy and emiss ions  

performance f o r  t h e  f o u r  Hybrid mode t e s t  c o n f i g u r a t i o n s  a r e  shown i n  t h e  b a r  

graphs of Figure  3-25.  The energy economy is a l s o  shown i n  t h e  g raph  format of 

Figure  3-16.  I n  t h i s  graph,  t h e  p o i n t s  a r e  t h e  averages  of t h e  p rev ious  graphs;  

t'le maximum spread of t h e  t e s t s  used f o r  each average is a l s o  shown. 

In a l l  t h e  hybrid conf igura t ions ,  t h e  g a s o l h e  energy p rov ides  t h e  dominant 

energy source.  The e l e c t r i c a l  energy u s  :? d a r i n g  a t e s t  is on t h e  o r d e r  of 

1- .'4 percent  ( 3 5 0 0  l b )  t o  3-314 percent  ( 4 - 3 0  I b )  of t h e  t o t a l  energy; t h e s e  

amounts inc lude  t h e  b a t t e r y  r e c h a r ~ e  energy s o  t h e  amount a c t u a l l y  used dur ing  

t h e  t e s t  is l e s s  by t h e  recharge  e f f i c i e n c y .  S ince  t h e  g a s o l i n e  encrgy is  

dominant, the energy v a r i a t i o n  caused by t h e  s c a t t e r  of t h e  b a t t e r y  power d a t a  

w i l l  have a r e l a t i v e l y  smal l  e f f e c t  on t h e  o v e r a l l  energy r e s u l t s .  





MOW: HYBRID 1.2 AND 2.5 me 
muornE TIME CONSTANT: 1.2 WD 2.5 soc 
INERTIA W I M :  3WK) Ib, YKK) Ib, Ib 

CONFlGUlAllON EQUIVALENT q g  

GASOLINE CONWWTION (mpg) 
C 5 10 15 M 25 

BASELINE 
2.5 wcoidr 
4000 Ib 
000 Ib 

NET BATTERY POWER (wan-ham)' 

NOX EMISSIONS (WEIGHTED gmma/mile) 
0 I 2 3 4 5 6 7 8 9 10 

BASELINE 
2.5 sown& 
4000 Ib 
I#)0 Ib 

C O  EMISSIONS (WEIGHTED ammshile) 

MSELINE 
2.5 s o c o d  
000 Ib 
000 Ib 

MEWRED CHARGE AND DISCHARGE POWER PLUS MTTERY EFCICIENCY OF 0.77, OR 

HC EMISSIONS (weighhd gmnr/mile) 
0 1 2 3 4 5 6 7 8 9 10 

NET BATTERY POWER = Dl*nARfE . 77 - 

BASELINE 
2.5 s c a d  
1OOO Ib 
000 Ib 

Figure 3-15. Summary of Hybrid Mode T e s t s  
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DATA INCLUDES MTTERY RECHARGING ENERGY. 
ALL TESTS CONDUCTED WITH 1.2 s . c  THROTTLE DEUY UNLESS NOTED 

ElKTRlCAL ENERGY/lOTAL ENERGY (%) 

Figure 3-16. Hybrid Mode Energy Economy 



Perhaps t h e  only c l e a r  trend of t h e  d a t a  i n  Figures  3-15 and 3-16 is t h e  

genera l  d i r e c t i o n  of t he  t radeoff  between the  gaso l ine  consumption and b a t t e r y  

power discharge between the  base l ine  (1.2 sec t h r o t t l e  rime constant)  and t h e  

2.5 sec time constant  tests. A s  t h i s  time constant  is increased, the engine 's  

p t h r o t t l e  w i l l  open more s l m l y  s o  t h e  no tor  must provide more power t o  accel-. 

,. , e r a t e  t h e  vehic le .  The e l e c t r i c a l  energy w i l l  thus  increase  wLile t h e  gaso l ine  

consumption decreases.  The gaso l ine  decreased 0.80 kW-hr while  t h e  e l e c t r i c a l  

power incr t , x e d  0.2 7 kW-hr . 

The energy d i f fe rences  between t h e  t h r e e  i n e r t i a  weights need considerable  

a n a l y s i s  t o  explain t h e  va lues  shown i n  Figures 3-15 and 3-16. Resul ts  of a 

program t h a t  p r e d i c t s  veh i c l e  performance over t he  FTP cyc l e  show t h a t  an 

energy increase  of about 9 percent would be expected when t h e  i n e r t i a  weight 

was changed from 3500 l b  t o  4000 l b  f o r  a  v e h i c l e  wi th  t h e  Taxi 's  gsnera l  

c h a r a c t e r i s t i c s .  Other re fe rences  ( r e f .  3  and 4) agree wi th  t h e  9 percent  

valu-. A s i m i l a r  magnitude would be required when t h e  i n e r t i a  weight was 

f u r t h e r  increased t o  4500 l b .  These va lues  assume t h a t  t he  v e h i c l e  a c t u a l l y  

followed the  e n t i r e  FTP p r o f i l e .  This was no t  t h e  case  f o r  t h e  4500 l b  config- 

u ra t ion ,  a s  shown i n  Figure 3-13, but t he  speed-time t r a c e  followed t h e  spec i f ied  

p r o f i l e  f o r  a l l  but 49 of t 9 . e  1874 sec  d r iv ing  time, o r  2.6 percent .  The t r a c e  

of Figure 3-13 shows t h e  most s e r ious  devia t ion ;  no o ths r  p a r t  of t h e  p r o f i l e  

has a  devia t ion  t h a t  approaches t h e  one shown i n  Figure 3-13. Both t h e  Cold 

Transient  and Hot Transient phases of t h e  FTP cycle  include t h i s  i d e n t i c a l  

p r o f i l e ,  s o  t h i s  e r r o r  is included twice. However, t he  t r a c e s  of Figures 3-4 

(3500 lb )  and 3-10 (4000 lb )  a r e  e s s e n t i a l l y  t h e  same during these  ramps s o  

acce l e r a t i on  performance d i f fe rences  should not  have a  l a rge  inf luence on t h e  

energy required f o r  t he  FTP cycle  f o r  t he se  two i n e r t i a  weights. 

The d i f f e r ences  i n  t he  emission performance f o r  t he  four  hybrid conf igura t ions  

a r e  within normal tes t - to - tes t  v a r i a t i o n s  i n  the  FTP. Perhaps t h e  decrease i n  

t h e  CO emissions (16.5 percent)  and HC (6 percent)  between the  1.2 and 2.5 s ec  

t h r o t t l e  t i m e  coastant  configurat ions represent  t h e  e f f e c t  of the  slower 
i 

t h r o t t l e  opening, but ca re fu l ly  cont ro l led  t e s t s  (preferably on an engine 

dynamometer) would be required t o  v e r i f y  t h i s .  The gradual  increase  i n  t he  

CO emissions shown i n  Figures 3-2 and 3-5 may represent  a  change i n  the  Taxi 's  



engine o r  t h r o t t l e  con t ro l  mechanism. Nine Hot 505 tests throughout t h e  test 

period a l s o  show an increase  i n  CO emissions, but c o r r e l a t i o n  between t h e  

Hot 505 and f u l l  FTP cannot be made wi th  t he  ava i l ab l e  da ta .  

3.4.2 On/Off Mode Tes ts  

The f i r s t  attempt t o  conduct a  t e s t  i n  t h e  On/Of f  mode was made about 2 weeks 

a f t e r  t he  i n i t i a l  tests. Because t he  VW Projec t  Engineer was uncer ta in  of t h e  

performance i n  t h i s  mode. a  s e r i e s  of Hot 505 tests were run t o  i n v e s t i g a t e  t h e  

approximate performance and a l s o  provide t i m e  f o r  d r i v e r  f a m i l i a r i t y  . Later 

tests were concerned with d i f f e r e n t  i r e r t i a  weights and engine  off speed 

s e t t i n g s .  

a .  I n i t i a l  On/Off Tes t s  - The 0n/0ff mode w i l l  r equ i r e  considerably 

more e l e c t r i c a l  energy than t h e  Hybrid s i n c e  t h e  engine i s  not  operat ing a t  

lower veh ic l e  speeds. Th! d i f f e r ence  i n  t he  amount of e l e c t r i c a l  energy i s  

c l e a r l y  shown by computer p l o t s  of ba t t e ry  and motor power f o r  t h e  Hybrid and 

On/Off configurat ions.  The p lo t  format shows t h e  d i f f e r ence  between t h e  power 

out of t he  ba t t e ry  and t h e  power i n t o  t he  b a t t e r v  t h a t  is  provided by charging 

cu r r en t s  during a  test. The d i f f e r ence  between t h e  motor power out and motor 

power i n  is a l s o  shown. No ba t t e ry  o r  motor e f f i c i e n c i e s  a r e  included i n  t he se  

p lo t s .  In t h i s  p lo t  format, t he  ba t t e ry  power can be i d e n t i f i e d  by its g r e a t e r  

magnitude. Time is  shown along t h e  X ax i s .  Figures  3-17 and 3-18 a r e  both f o r  

a  Hot 505 t e s t ,  s o  the  dura t ion  of t h e  a c t u a l  test period is 505 sec.  The 

s h o r t  time before t he  t r a c e s  move is the  time between t h e  s t a r t  of the  d a t a  

recording process and the  a c t u a l  s t a r t  of t he  test. The upper of t h e  two p l o t s  

shows t h e  instantaneous power during a  test, while  t he  lower shows t h e  power 

i n t e g r a l .  

Figure 3-17 shows the  e l e c t r i c a l  power during a  Hybrid Hot 505 t e s t ;  Figure 

3-18 shows an On/Off Hot 505 t e s t .  The d i f f e r ences  between the  i n t e g r a l  da ta  

f o r  the  Hybrid and On/Off modes c l e a r l y  show t h a t  the  On/Off mode has a  g r e a t e r  

dependency on e l e c t r i c a l  power. Since t h e  Hot 505 t e s t  includt  1 one period 

where the  vehic le  operates  i n  t he  v i c i n i t y  of 50 mph, t he  b a t t e r i e s  a r e  charged 

during t h i s  time. This i s  shown i n  Figure 3-17 i n  t he  time around the  473 sec 

marking. 



TIME, sec 

-1 

Figure 3-17. Hybrid Mode-Electrical Power Use 
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TIME, see 

Figure 3-18. On/Off Mode-Electrical Power Use 



The g e n e r a l  c h a r a c t e r i s t i c s  of t h e  On/Of f  mode were i n i t i a l l y  determined 

by T e s t s  14, 16, and 1.9. These t e s t s  were conducted wi th  engine cut- in  and 

cut-out speeds  of approximately 27 and 22 mph. Due t o  c o n t r o l  system charac- 

t e r i s t i c s ,  t h e  cut-in and cut-out speeds v a r i e d  dur ing t h e  t e s t i n g  cyc le .  I n  

genera l ,  t h e  v a r i a t i o n s  were - +0.5 rnph (cut-in) and 21 mph (cut-out)  a l though  

t h e  cut-out v a r i a t i o n  appeared t o  i n c r e a s e  t o  about 4 2  mph a t  t h e  lower speeds  

used i n  t h e  .later t e s t s .  A l l  t h e s e  i n v e s t i g a t o r y  tests used t h e  Hot 505 

Procedure t o  speed t h e  t e s t i n g  process .  The f i r s t  test i n  t h e  On/Off mode, 

Test  14, showed a l a r g e  reduc t ion  i n  t h e  g a s o l i n e  consumption and a r e l a t i v e l y  

small i n c r e a s e  i n  t h e  n e t  watt-hours ou t  of t h e  b a t t e r y .  S ince  t h e  t o t a l  

energy consumed dur ing t h i s  t e s t  was much l e s s  than i n  t h e  Hybrid mode, 

a d d i t i o n a l  tests were conducted t o  v e r i f y  t h e  r e s u l t s .  F igure  3-19 shows 

t h e  d a t a  from t h r e e  On/Off Hot 505 t e s t s .  During t h e  f i r s t  c y c l e  of Tes t  16,  

t h e  d r i v e r  commented t h a t  he was unable  t o  mainta in  t h e  a c c e l e r a t i o n  requ i red  

t o  fo l low some segments of t h e  FTP d r i v i n g  cyc le .  The motor c u r r e n t  was 

t h u s  increased from 230 amps t o  260 amps dur ing t h e  second and t h i r d  c y c l e s  

of Test  16. The same conf igura t ion  was continued f o r  Test  19. Even w i t h  

t h e  increased motor c u r r e n t ,  t h e  Tax i ' s  perfondance was n o t  inadequate  t o  

meet t h e  h igher  a c c e l e r a t i o n  p a r t s  of t h e  FTP d r i v i n g  cyc le .  Di f fe rences  

between t h e  230 and 260 amp performance a r e  shown i n  F igures  3-20 and 3-21. 

The d i f f e r e n c e  between t h e  Hybrid and On/Off modes is  ev iden t  from t h e  

t h r e e  Hot 505 t e s t s  shown i n  F igure  3-22. These t e s t s  were conducted a t  a 

3500 l b  i n e r t i a  weight;  t h e  t h r o t t l e  t ime cons tan t  and maximum motor c u r r e n t  

parameters used f o r  t h e  tests a r e  l i s t e d .  It should be noted t h a t  t h e s e  

t e s t s  included only t h e  Hot Trans ien t  phase of t h e  FTP and s o  r e f l e c t  only 

p a r t  of t h e  FTP d r i v i n g  cond i t ions .  I n  p a r t i c u l a r ,  t h e  e f f e c t s  of t h e  

cold s t a r t i n g  mechanism a r e  n o t  included. 



MODE: ON/OFF 
THROTTLE TIME CONSTANT: 1.2 OR 2.5 mc' ENGINE SPEEDS: 
INERTIA WEIGHT: 3500 1b CUT-IN: 26.5 mph 
MAXIMUM MOTOR CURRENT: 230 OR 260 amp1 CUTSUT: 22 mph 

EQUIVALENT mw:  

GASOLINE CONSUMPTION (ma):  

. - 
TEST MIMBER ? 5 10 I5 20 25 30 

NET BATTERY POWER (wot t~oun)  

NO* EMISSIONS (weighted gmm/mile): 

i 

CO EMISSIONS (weighted -/mile): 
G 5 10 15 20 25 30 35 40 45 50 

14 
16 

19 

' 

Figure 3-19. Data From On/Off Mode Hot 505 Tests 
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1. TlME CONSTANTS AND MAXIMUM MOTOR CURRENTS WERE: 

TEST TlME CONSTANT MOTOR CURRENT - 
14 1.2 230 
16 2.5 230 (FIRSTCYCLES), 260 (SECOND AND THIRD CYCLE) 
19 2.5 260 
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MODE: HYBRID AND OWOFF 
THROTTLE TIME CONSTANT: 1.2 AND 2.5 src ENGINE SPEEDS: 
INERTIA WEIGHT: 3500 1b CUFIN: 27mph 

CUT4UT: 22 mph 
EQUIVALENT mpg: 

0 5 10 I5 20 25 30 TEST NUMBER 
6 

19 
21 

GASOLIP'E CONSUMPTION (mpg ): 
0 5 10 15 20 25 30 

NET BATTERY POWER (wott-hauo ) 

NOX EMISSIONS (weighted gmm/mile) 
0 I 2 3 4 5 6 7 0 9 10 

HC EMISSIONS (wrighhd gmra/mile) 
0 1 2 3 4 5 6 7 8 9 10 

1 TEST CONFIGURATIONS WERE: 
MODE TIME CONSTANT 1x1 - 

6 HYBRID 2.5 
19 ON/OFF 2.5 
21 HYBRID 1.2 

MEASURED CHARGE AND DISCHARGE BAlTERY POWER PUS BATTERY EFFICIENCY OF 0.77, OR 
NET BATTERY pOhTR I DISCHARGE - CHARGE 

Figure 3-22. Comparison of Hybrid and &/Off Mode liot 505 Tests 

3-41 



Data from T e s t s  14, 16,  and 19 ind ica ted  t h a t  i t  would be d i f f i c u l t  f o r  t h e  

Taxi t o  n e g o t i a t e  t h e  e n t i r e  FTP c y c l e  without exceeding t h e  b a t t e r y  d i scharge  

l i m i t a t i o n s  def ined by t h e  VW P r o j e c t  Engineer. Accordingly, t h e  f i r s t  a t t empt  

t o  conduct t h e  On/Off FTP was s t a r t , e d  w i t h  f u l l y  charged b a t t e r r e s  i n s t e a d  of 

fol lowing t h e  normal procedure of reducing t h e  b a t t e r y  d i scharge  t o  t h e  85 

percen t  va lue  ind ica ted  by t h e  VW Taxi ' s  BATTERIE meter.  Test  20 was thus  

conducted w i t h  t h e  2.5 s e c  t h r o t t l e  time constant  and 260 amp maximum moto; 

c u r r e n t  s e t t i n g s  unchanged from Test  15. Even though Test  20 wz; s t a r t e d  wi th  

t fhe  b a t t e r i e s  f u l l y  charged,  both  t h e  ' ;axi ts  BATTERIE meter and t h e  minimum 

b a t t e r y  v o l t a g e  reached t h e  l i m i t a t i o n s  (110 v o l t s ,  40 percen t  d i scharge)  

def ined by t h e  VW P r o j e c t  Engineer.  Accordingly, t h e  t e s t  was terminated 

approximately 3 min before  t h e  S t a b i l i z e d  phase; t h e  second of t h e  t h r e e  

FTP phases,  w a s  completed. However, d a t a  from t h e  f i r s t  phase,  t h e  .'old 

Trans ien t  phase,  appeared t o  be v a l i d .  A f t e r  r e s u l t s  of Test  20 were 

reviewed, it was decided t o  decrease  t h e  maximum motor c u r r e n t  t o  230 amps 

and change t h e  t h r o t t l e  t i m e  cons tan t  from 2.5 t o  1 .2  s e c  i n  o rder  t?  conserve 

t h e  b a t t e r y  energy. Although Test  20 was terminated prematurely because of 

b a t t e r y  d i scharge ,  i t  was ev iden t  t h a t  t h e  FTPs f i r s t  and second phases could 

be completed w i t h  t h e  minor reduc t ion  t o  t h e  b a t t e r y  energy usage t h a t  would 

be caused by t h e s e  char'ges. Changes i n  t h e  cut- in  and cut-out speeds ,  which 

were d i f f i c u l t  t o  a d j u s t ,  were n o t  made. 

Test  Li wz? "nnducted w i t h  t h e  changed parameters.  It was p o s s i b l e  t o  complete 

both  t h e  Cold Transient  and S t a b i l i z e d  phases of t h e  FTP wi th  t h i s  t.", 

a l though  both  t h e  BATTERIE meter and t h e  minimum b a t t e r y  v o l t a g e  La1 ~ ~ . i g h c l v  

exceeded t h e  nominal b a t t e r y  d i scharge  l i m i t s .  I n  p a r t i c u l a r ,  t h e  b a t t e r v  

meter rezd 55 percen t ,  while t h e  minimum v a l u e  d e s i r e d  by VW was 60 yercen t .  

However, cons tan t  monitoring of t h e  b a t t e r y  v o l t a g e  dur ing  t h e  t e s t s  showed 

t h a t  t h e  v o l t a g e  f e l l  below t h e  l l O V  minfnlum v a l u e  (I.+.? v o l t s / c e l l )  oa ly  

b r i e f l y  dur ing maximum a c c e l e r a t i o n .  The Hot 505 t e s t s  had shown t h a t  t h e  

b a t t e r y  d i scharge  dur ing t h e  Hot Transient  phase would be t o o  g r e a t  t o  even 

a t tempt  cont inuing t h e  t e s t ,  s o  Test  22 was termJnated a t  t h e  end of t h e  

S t a b i l i z e d  phase. 



Since t he  Taxi 's  b a t t e r i e s  could not  coolylete t h e  e n t i r e  FTP test at t h e  27/22 
-* 

. F mph on/off engine speed s e t t i n g s  without exceeding t h e  discharge l imi t a t i ons ,  
7 gi 

+Z construct ion of a  composite O n / ~ f f  FTP based on the  two p a r t i a l  FTP tests (20 - ri. 
L and 22) and the  Hot 505 tests had d i f f e r e n t  t h r o t t l e  time constant  and motor 3 

4. 
ux ' cur ren t  limit s e t t i n g s ,  but t h e i r  energy and emissions had reasonable agreement 
$< 
2 a s  shown i n  Table 3-6. Further ,  comparison of t he  da ta  from the  Hot Transient  
n 
t. ;.- phase of the  f u l l  FTF and the  t h r ee  i d e n t i c a l  cyc les  of Hot 505 tests f o r  t h e  

Y Hybrid mode showed good agrement ;  t h i s  d a t a  is shown i n  Table 3-7. It thus 
a.: 
<. 
... appeared reasonable t o  cons t ruc t  a  composite On/Off FTP based on t h e  Cold 
4 .  

Transient phase of Tes t s  20 and 22, t h e  S t ab i l i zed  phase of Test 22, and t h e  
w Hot Transient phase of t h e  On/Off Hot 505 tests. Test  14 was s e l ec t ed  f o r  t h e  

l a t t e r  s i nce  i t  had the  1.2 sec  t h r o t t l e  time constant  and t h e  230 amp motor 

cur ren t  limit used f o r  Test 22. Data used f o r  t h i s  composite On/Off test a r e  

shown i n  Table 3-6. The f u e l  economy and emissions da t a  a t  t he  bottome of Table 

3-7 a r e  used a s  a  good est imate  of the  On/Off FTP performance with the  l i m i -  

t a t i o n s  imposed by the  ba t t e ry  discharge. 

The Taxi 's  l o e i c  card f o r  t he  On/Off mode permitted adjustment of t h e  engine 

cut-iu and cur-out speeds, but time l imi t a t i ons  did not permit f u r t h e r  t e s t s  

t o  be conducted during t h e  i n i t i a l  test period. I n  addi t ion ,  t h e  t a x i ' s  

mechanical configurat ion made i t  impossible t o  s e t  t he  engine cut-in and cut- 

out speeds f o r  the On/Off mode over a  wide  speed range. The torque converter  

imposed the primary l imi ta t ion .  The conver te r ' s  low speed c h a r a c t e r i s t i c s  

made i t  impossible f o r  adequate torque t o  be t ransmit ted from the  e l e c t r i c a l  

motor t o  crank the  engine t o  a  s t a r t i n g  speed. During t e s t i n g  a c t i v i t i e s ,  

i t  was observed tha t  t he  i n i t i a l  engine r o t a t i o n  would usua l ly  cons i s t  of a 

p a r t i a l  revolut ion a t  an e l e c t r i c  motor speed of arproximately 1600 rpm. The 

engine was general ly  ro t a t i ng  s t z a d i l y  when the  motor reached 2000 rpm, but 

infrequent s tops  occurred a t  t h i s  speed. The engine ro t a t i on  was s teady a t  

2200 rpm so  r e l i a b l e  s t a r t i n g  was possible .  Since t he  motor s p e e d h e h i c l e  

speed r a t i o  i s  very c lo se  t o  100:1, t h e  lowest engine cut-in speed t h a t  could 

be achieved was about 22 mph. 
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Table 3-8. 

T c r t  No. 

Test Data 

020 Cold Transient 

022 Cold Transient 
Stabilized 

014 Hot ~rsns ient2 

Cauposite Test 

020, 022 Cold Transient 

02 2 Stabil ized 

014 Hot ~ r a n s i e n t ~  

Energy Comsumpt ion 

Total gal lons 

Battery power 

Test data 

With battery e f f i c -  
iency 

With rechargt energy 

Equivalent mpg 

Emissions 
(weighted gramslmil e) 

900-851 

Composite Taxi 0n/Of f Mode FTP 

Net Battery 
Power 

(vat t-hours) 

NOTES : 

1. Based on weigh tank data. 

2. Average of three consecutive cyc l e s  

Emlsslons 
(grams per phase) 



The On/Off mode d a t a  f o r  t h e  composite t e s t  were obta ined from tests w i t h  an  

engine  cut - in  a t  a motor speed c l o s e  t o  2700 rpm, which corresponds  t o  a v e h i c l e  

speed of about  27 mph. The cu t - in  speed could  t h u s  b e  lowered t o  approximately 

2200 motor rpm o r  22 rnph v e h i c l e  speed. However, adjus tment  i n  t h e  v i c i n i t y  of 

2000 t o  2200 rpm motor speed was f e l t  t o  be  r i s k y .  On two occas ions ,  t h e r e  was 

s i g n i f i c a n t  b a c k f i r i n g  when t h e  Taxi was opera ted  i n  t h e  On/Off mode. S ince  t h e  

engine  s t a r t  up c o n s i s t s  of t u r n i n g  on t h e  s p a r k  and opening t h e  t h r o t t l e  i n  a 

c l o s e l y  coordinated t ime sequence,  adequate  eng ine  rpm must be assured  b e f o r e  

t h e  engine  turn-on s i g n a l  is given.  

Engine o p e r a t i o n  i n  t h e  On/Off mode w i t h  t h e  27/22 rnph cut- in  and cut-out speeds  

is shown i n  t h e  x-y p l o t  of v e h i c l e  speed v e r s u s  engine  rpm shown i n  F i g u r e  3-23. 

The concentra ted  a r e a s  of t h e  pen t r a c e  p rov ide  a good i n d i c a t i o n  of t h e  a r e a s  

where t h e  engine  spen t  a r e l a t i v e l y  l a r g e  p a r t  of its o p e r a t i n g  time. 

b. 3500 Pound I n e r t i a  Weight T e s t s  - A f t e r  t h e  On/Off performance of 

t h e  composite t e s t  w a s  known, t h e  next  s e t  of t e s t s  were done t o  o b t a i n  d a t a  a t  

i n t e r m e d i a t e  on/off  engine  speed s e t t i n g s .  Two tests, a t  3500 l b  and 4500 l b  

i n e r t i a  weights ,  were conducted. P lans  f o r  4000 l b  t e s t s  had t o  be cance l l ed  

because of t h e  t e s t  time a v a i l a b l e  w i t h i n  t h e  l e a s e  pe r iod .  

F igures  3-24 and 3-25 show t h e  r e s u l t s  of t h e  3500 l b  i n e r t i a  weight t e s t s  wi th  

engine  cut - in  and cut-out speeds  of 22 and 19 mph. A s  noted p rev ious ly ,  22 rnph 

was t h e  lowest cut - in  speed t h a t  could be used and have r e l i a b l e  engine  r o t a t i o n  

when t h e  s t a r t  sequence was i n i t i a t e d .  The l a c k  of power dur ing  t h e  engine-off 

per iod is shown i n  F igure  3-26 dur ing  t h e  i n i t i a l  ramp a t  about 170 sec .  The 

engine  cu t - in  speed is shown; a f t e r  t h i s ,  t h e  a c c e l e r a t i o n  is adequate  t o  match 

t h e  FTP p r o f i l e  f o r  t h e  s h o r t  t ime u n t i l  25 rnph was reached.  I t  appears  t h a t  

t h e  engine  d i d  no t  t u r n  o f f  a t  t h e  19 rnph speed a t  about 187 s e c .  For t h e  ramp 

s t a r t i n g  a t  190 s e c ,  t h e  a c c e l e r a t i o n  is e s s e n t i a l l y  t h e  sa~ne  a s  t h a t  f o r  t h e  

Hybrid mode when t h e  engine  was on a l l  t h e  t ime (F igure  3-4). Motor-only power 

is inadequate  f o r  t h e  required acce le ra t ' i on  above 15 rnph a s  demonstrated by t h e  

t r a c e  a t  190 s e c  s o  t h e  engine  e v i d e n t a l l y  d i d  not  t u r n  off  i n  t h e  b r i e f  t ime 

below 19 mph. The cut-out speed showed .ons ide rab le  s c a t t e r  when s e t  f o r  19 

mph; a 22 mph v a r i a t i o n  was noted.  It is  t h u s  assumed t h a t  t h e  c o n t r o l  c i r c u i t  

d i d  not  o p e r a t e  dur ing  t h i s  p a r t i c u l a r  time. 

3-47 





MODE: OWOFF 
THROTTLE T IME CONSTANT: 
INERTIA WEIGHT: 3500 Ib 

TEST NUMYR 
EQUIVALENT mpg: 

ENGINE SEEDS: 
CUT-IN: 22 mph 
CUTSUT: l 9 m p h  

GASOLINE CONSUMPTION (ma): 

NET BATTERY POWER (watt-hours):. 
0 600 1m leoo 2400 

NOu EMISSIONS (WEIGHTED pmrm/mll.): 

CO EMISSIONS (WCIGHTED gm/mfle) 

HC EMISSIONS (WEIGHTED gmms/mllo) 

Figure 3-24. Test Results for  On/Off Mode, 3500 l b  
Inertia Weight FTP Tests 



MOOEI OWFF 
wmmE TIME CONSTANT: I. 2 
INERTIA MIGHT: 3500 Ib 
ENGINE SPEEDS: 

CUT-IN: 22 mph 
CUT-OUt: 19 mph 

39+ TEST NUMBER 

ELECTRICAL ENERGY/TOTAL ENERGY (%) 

Figure 3-25. Graph of On/Off Mode, 3500 l b  
Inertia Weight FTP Tests 
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c.  - 4500 Pound I n e r t i a  Weight Tests  - Two t e s t s  were conducted with the  

22 and 19  rnph cut-in and cut-out speeds a t  4500 l b  i n e r t i a  weight, Resul ts  a r e  

shown i n  k'igures 3-27 and 3-28. The acce l e r a t i on  i n  t h e  motor-only mode has  a 

considerable  lag  from t h e  spec i f i ed  FTP p r o f i l e  a s  shown i n  2igure 3-29. The 

engine cut-off c h a r a c t e r i s t i c  is the  same i n  t h i s  f i g u r e  a s  t h a t  f o r  the  3500 l b  

i n e r t i a  weight test; t h e  engine d id  no t  tu rn  off  during t h e  b r i e f  period below 

19 rnph a t  187 sec.  I n  t h i s  t r ace ,  t he  engine turned on a t  19 mph. In  general ,  

t h e  cut.-in r e p e a t a b i l i t y  was - +0.5 mph and had considerably less v a r i a t i o n  than 

the  cut-out speed. 

d. 3500 Pound I n e r t i a  Weight, 26/21 rnph Engine Speed Tes ts  - Test 51  

was intended t o  dup l i ca t e  t h e  condi t ions of t h e  composite tests discussed i n  

p a r t  (a) of t h i s  sect ion.  The speed adjustments were r a t h e r  E i f f i c u l t  t o  s e t  

a t  a s p e c i f i c  speed, so  t he  cut-in and cut-out speeds d id  no t  exac t ly  match 

those f o r  t he  t e s t a  t h a t  comprised the  composite test. Figure 3-30 shows the  

veh ic l e  speed-engine speed graph coritparable t o  t h a t  of Figure 3-23, t h e  condi- 

t i o n s  f o r  t h e  composite test. The increased s c a t t e r  of t he  engine cut-off 

compared t o  Figure 3-23 i s  evident.  

Test r e s u l t s  a r e  shown i n  Figure 3-31. Only one test could be conducted i n  

t h i s  configurat ion because of time l imi t a t i ons .  The speed-time p r o f i l e  of 

Figure 3-32 shows a s i g n i f i c a n t  depar ture  from the  FTP p r o f i l e  with t h i s  

engine cut- in  and cut-out s e t t i n g s .  Note t h a t  t h e  engine did tu rn  off during 

t h e  time near  187 sec ,  so  t h e  acce l e r a t i on  during the  i n i t i a l  p a r t  of t h e  ramp 

s t a r t i n g  a t  190 sec  depended only on motor power and was inadequate. 

e. Summary of On/Off Mode Data - The r e l a t i v e  i n s e n s i t i v i t y  of energy 

economy t o  i n e r t i a  weight changes is shown i n  t he  Equivalent MPG bar  char t  of 

Figure 3-33. The r e l a t i onsh ip  of t he  3500 l b  and 4500 l b  t e s t s  is  e s s e n t i a l l y  

t he  same a s  t h a t  of t h e  Hybrid mode shown i n  Figure 3-15. The NO, emissions 

reduction f o r  t h e  tests with t he  higher engine speeds is  g r e a t e r  than the  2 5  

percent t es t - to - tes t  v a r i a t i o n  and s o  i s  s ign i f i canc .  The lower CO d a t a  f o r  

the  27/22 rnph engine speed ( the  composite t e s t )  is probably not s i g n i f i c a n t  

because of t he  va r i a t i ons  i n  CO da t a  throughout t he  t e s t  series. 



MODE: OEC/OFF ENGINE SPEEDS: 
THROTTLE TIME CONSTANT: 1.2 see CUT-IN: 22 mph 
INERTIA WEIGHT: 4500 Ib CUT-OUT: I? mph 

TEST NUMBER 
EQUIVALENT mpg: 

GASOLINE CONSUMPTION (mpg ): 
0 5 10 15 25 30 

NET BATTERY POWER (watt-hwo): 

N O X  EMISSlnN: 'WEIGHTED gmms/rnile): 
0 1 7 3 4 6 7 8 9 10 

C O  EMISSIONS (WEIGHTED gmms/mile): 

HC EMISSIONS (WEIGHTED gmms/rnile): 
0 I 2 3 4 5 6 7 8 9 10 

MEASURED CHARGE AND DISCHARGE BATTERY POWER PLUS BATTERY EFFICIENCY OF 0.77, OR 

NET BATTERY POWER = wHARGE - o n  

Figure 3-27" Test Results f o r  On/Off Mode, 
4500 l b  Inert ia  Weight 



MODE: OWFF 
THROTTLE TIME CONSTANT: 1 2 set: 
INERTIA WEIGHT: 4500 Ib 

ENGINE SPEEDS: 
CUT-IN: 22 mph 
CUT-OUT: 19 mph 

ELECTRICAL ENERGY/TOlAL ENERGY (%) 

Figure 3-28. Graph of ~n/Off Mode, 
4500 lb Inertia Weight F'TP Tests 
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MODE: OWOFF 
TnROTfLL llME CONSTANT: 1.2 suonda 
INERTIA WIGHT: 3500 Ib 

ENGINE SPEEDS: 
CUT-IN: 26 mph 
CUT-OUT: 21 mph 

EQUIVALENT mpg: 
TEST NUMBER 0 5 10 I5 10 25 30 

GASOLINE CONSUMPTION (-9): 

NET BATTERY POWER (rott-houn) 
0 MK) 1100 lam 2400 3606 

NOx EMISSIONS (WEIGHTED gmm/mil*) 
0 1 2 3 4 5 6 7 8 9 10 

CO EMISSIONS (WEIGHTED pmms/milr) 

K EMISSIONS (WEIGHTED pamr/rnlle) 

Figure 3-31. Test Results  f o r  On/Off Mode, 3500 l b  
Iner t ia  Weight 26 /21  MPH Engine Cut-In/Cut-Out Speeds 





MOW: O-FF 
THROTTLE TIME CONSTANT: I. 2 a r  
INERTIA WIGHI: NOTED YLOW 

ENGINE SEEDS: 
NOTED WLOW 

C0NFIGlJRATK)N ' 
EUJIVALENT mpg: 

0 5 10 I5 20 25 

W Ib, 22119 
4XO Ib, m 9  
390 Ib, -1 
jwx, Ib, 27m2 

GASOLINE CONSUMPTION (npg): 
0 I0 20 2s 

1 .  FORMAT IS: INERTIA MIGHT, CUT-IN SPFCDKUTSUT SPEED 

2. THIS IS  THE COMPOSITE TEST DISCUSSED IN SKTION 4.1.2 ( 0 )  

NOX EMISSIONS (WEIGHTED gmim/mllo) 
0 I 2 3 4 5 6 7 8 9 10 

F i g u r e  3-33. Summary of On/Off Mode Tests 

3-59 

~ W X )  ~b, 22/19 
4SN Ib, P/I9 
3500 Ib, adR1 
3100 Ib, 27/22? 

1 
, 

. 
CO EMISSIONS (WEIGHTED gra/mllo) 

0 5 10 IS 10 2s 3 0 3 5 4 0 4  50 

3500 Ib, m 9  
400 Ib, P / I 9  
3500 Ib, 26/21 
3500 Ib, 27/222 

HC EMISSIONS (WEIGHTED gmm/milo) 
0 1 2 3 4 5 6 7 8 9 10 

I i.91 

jSOO Ib, 22/l9 
4500 Ib, ?2/l9 
3500 Ib, r n l  
3500 Ib, 2 7 m 2  

1 

1.76 
1 .W 

2.74 

I I I 
' 

1 
I 2.84' 
I 2.92 
f 2.64 
2.36 
1 1  



3 . 4 . 3  FTP Data R e s u l t s  

The FTP d a t a  are shown i n  F i g u r e  3-34.  The ene rgy  advan tages  of t h e  On/Off mode 

are c l e a r .  However, t h e  i n c r e a s e d  ene rgy  economy is g a i n e d  a t  t h e  expense  of 

range  when o n l y  t h e  FTP u rban  c y c l e  is c o n s i d e r e d .  I f  a 6 0  p e r c e n t  d i s c h a r g e  is 

assumed, i h e  Taxi  would have a range  of abou t  3  s l i g h t l y  o v e r  3 0  miles when 

d r i v i n g  conse~2ut  i v e  FTP urban  c y c l e s  i n  t h e  On/OEf mode w i t h  22/19 mph c u t - i n  

and cu t -out  speeds .  The r a n g e  f o r  t h e  SAE J227a  'D' c y c l e  is 100 miles, s o  any  

c o n c l u s i o n s  r e g a r d i n g  r a n g e  f o r  a v e h i c l e  s i m i l a r  t o  t h e  Tax i  must g i v e  p r imary  

c o n s i d e r a t i o n  t o  t h e  d r i v i n g  c y c l e .  A t e s t  s equence  of t h e  FTP urban  c y c l e  

fo l lowed by t h e  EPA highway c y c l e ,  t h e n  r e p e a t i n g  t h i s  sequence ,  c o u l d  ex t end  

t h e  r ange  t o  t h e  l i m i t  of t h e  g a s o l i n e  supp ly ;  b u t  a more thorough a n a l y s i s  of 

t h e  cha rg ing  c h a r a c t e r i s t i c s  is n e c e s s a r y  t o  d e f i n e  t h e  r ange  l i m i t  unde r  t h e s e  

c o n d i t i o n s .  Range w i l l  be l i m i t e d  by t h e  g a s o l i n e  supp ly  a t  a v e r a g e  s p e e d s  

above app rox ima te ly  45 mph w i t h  t h e  On/Off mode. S i n c e  t h e  &/Off speed  s e t t i n g s  

w i l l  have a s t r o n g  i n f l u e n c e  i n  d r i v i n g  c y c l e s  w i t h  stop-and-go p r o f i l e s ,  t h e  

r ange  of a  hea t  e n g i n e - e l e c t r i c  hyb r id  s i m i l a r  t o  t h e  Tax i  r e q u i r e s  c a r e f u l  

d e f i n i t i o n  of its o p e r a t i n g  pa rame te r s .  

The energy  economy w i t h  t h e  b a t t e r y  r e c h a r g e  c o n s i d e r e d  is shown i n  F i g u r e  3 - 3 4 .  

The u s e  of on-board ene rgy ,  which d o e s  n o t  c o n s i d e r  t h e  r e c h a r g e ,  is  shown i n  

F i g u r e  3-35. The c)n/Off mode, w i t h  26/21  c u t - i n  and cu t -out  speed  s e t t i n g s ,  

p r o v i d e s  a  4 0  p e r c e n t  b e t t e r  i n c r e a s e  i n  t h e  on-board ene rgy  economy. When t h e  

r e c h a r g e  ene rgy  is i n c l u d e d ,  t h i s  d r o p s  t o  about  25  p e r c e n t  a s  shown i n  

F i g u r e  3 - 3 4 .  



Figure 3-34 .  Energy Economy of Hybrid and On/Off Modes 
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0 HYBRID, 2.5 sec TIME CONSTANT 
0 OWOFF. 1.2 swmd TIME CONSTANT 

INERTIA WEIGHTS ARE NOTED 

I 
I 

3500 Ib 0 ENGINE SPEEDS: 

I CUT-IN: 24 mph 
CUT-OUT: 21 mph 

- 

DNloFF MODE lb 1 OEl/OFF MODE WITH THE SAME 

4 I 3MO Ib I CUT-IN: 22 moh 7- CONTROL SETTINGS: 

--L I I I CUT-OUT: 19 mph I 

3500 Ib, 2.5 second THROTTLE DELAY 
0 I 

1 I I t i  
HY BR l D MODE 

Figure 3-35. Energy Economy Without Battery Recharge 
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3.5 SAE J227a 'C '  AND 'D '  CYCLE TESTS 

Three s e t s  of t h e  SAE J227a tests commonly used f o r  e l e c t r i c  v e h i c l e s  were 

conducted l a t e  i n  t h e  test s e r i e s .  These t e s t s  were conducted i n  bo th  t h e  

Hybrid and On/Of f modes. 

The f i r s t  two were t h e  Hybrid mode f o r  t h e  'C'  and 'D' c y c l e s .  A problem w i t h  

t h e  ~ a x i ' s  c o n t r o l l e r  caused t h e  v e h i c l e  t o  be o u t  of s e r v i c e  a f t e r  t h e  Hybrid 

t e s t s  u n t i l  t h e  VW P r o j e c t  Engineer a r r i v e d  t o  r e t u r n  t h e  v e h i c l e  a t  t h e  end of 

t h e  l e a s e  per iod.  Only a s h o r t  t e s t i n g  per iod was then a v a i l a b l e ,  s o  a l l  t h e  

d e s i r e d  SAE c y c l e  tests could n o t  be conducted. 

Test  r e s u l t s  a r e  shown i n  F igure  3-36. rhe On/Off mode shows a 12.5 pe rcen t  

improvement i n  energy economy over  t h e  Hybrid mode f o r  t h e  5227a 'D' cyc le .  

Comparable FTP r e s u l t s  a r e  12.9 pe rcen t  f o r  t h e  22/19 mph engine speed and 

21.7 pe rcen t  f o r  t h e  26/21 mph engine speeds.  

Energy economy i n  t h e  kW-hr/mile u n i t s  normally used f o r  e l e c t r i c  v e h i c l e s  i s  

shown i n  F igure  3-36. 



VlEHKLE CONFIGURATION 
THROTTLE TIME CONSTANT: 1.2 sec 
INERTIA WEIGHT: 3500 Ib 

ELECTRICAL ENERGY/TOTAL ENERGY (%) 

Figure 3-36. SAE J227a Driving Cycle Tests 



3.6 VW BUS TEST DATA 

The VW Bus t e s t s  were conducted t o  provide a comparison between the  emissions 

and f u e l  economy of a veh i c l e  t h a t  is approximately comparable t o  t h e  VW Taxi. 

Both veh ic l e s  a r e  based on the  same chass i s .  However, t he re  a r e  th ree  major 

d i f f e r ences  when energy and emissions d a t a  a r e  considered: 

1 )  The Taxi is a heavier  veh ic le .  The add i t i ona l  weight is comprised 

of f ea tu re s  t h a t  a r e  required f o r  a t a x i  a s  w e l l  a s  those t h a t  a r e  

r e l a t e d  t o  the  e x t r a  weight of the  e l e c t r i c a l  propulsion system. 

2) The VW Taxi has a 1.6 l i ter  carbureted engine a s  compared t o  t h e  

2.0 l i t e r  f u e l  in jec ted  engine f o r  the  Bus. The Taxi 's  engine 

represen ts  technology about 10 years  e a r l i e r  than t h a t  of t he  Bus. 

3 )  The Bus has an oxidizing c a t a l y t i c  converter;  t h e  Taxi does not .  

The HC and CO emissions from the  Bus w i l l  be s i g n i f i c a n t l y  reduced 

by t h e  converter .  

Even though the  vehic les  have d i f f e r e n t  engines,  t h e  comparison of t he se  two 

vehic les  of fe red  the  only reasonable way t o  a s se s s  t he  p o t e n t i a l  of a hybrid 

vehic le  within the  time c o n s t r a i n t s  of t h i s  program. I f  t he  hybrid veh ic l e ,  

with i ts old engine, has comparable emissions and f u e l  economy t o  t he  bus i t  

would appear t h z t  the  hybrid concept may o f f e r  s i g n i f i c a n t  advantages i f  i t  

were f u l l y  developed and optimized. 

3.6.1 Bus Background Information 

The Bus was del ivered t o  JPL on May 25, 1977. It had been dr iven approximately 

200 miles;  a veh i c l e  with approximately 2000 miles  was requested, but t h i s  Bus 

was the  only one ava i l ab l e  f o r  the  t e s t s .  The Bus had been t e s t ed  twice a t  

t he  VW emissions lab  i n  Woodland H i l l s ,  Ca l i forn ia .  Resul ts  of these  t e s t s  

were : 

Fuel Economy 16.0 mpg 

Emissions (weighted grams/mile) 

Nox 
1.562 

CO 15.13 



3.6.2 Bus Tes t  Data 

Test  d a t a  are shown i n  F igures  3-37 and 3-40; f u e l  economy and emiss ions  d a t a  

f o r  s e v e r a l  t e s t s  are shown. T e s t s  a t  both  t h e  VW Emissions Lab and JPL a r e  

included.  The v e h i c l e  was t e s t e d  a t  JPL f o r  t h e  f i r s t  t ime on May 25. A t  t h i s  

time, t h e  JPL d r i v e r  had no exper ience w i t h  t h e  Bus s o  t h e  test r e s u l t s  could 

no t  be expected t o  compare w i t h  t h a t  of t h e  VW f a c i l i t y ,  which had an exper- 

ienced d r i v e r .  The Bus was t e s t e d  t h e  next  day, May 26. R e s u l t s  of t h i s  test 

were : 

Dif fe rence  from VW (%) 

Fue l  Economy 16.77 mpg 4.6 

Emissions (weighted g r a m s h f  l e )  

1.297 -20.4 

CO 16.388 7.7 

HC 0.574 -21.1 

Although t h e  f u e l  economy and CO d a t a  a r e  w i t h i n  nominal f a c i l i t y - t o - f a c i l i t y  

d e v i a t i o n ,  t h e  NOx and HC a r e  w e l l  oucside  t h e  expected d e v i a t i o n .  

I n  o rder  t o  confirm t h e  JPL d a t a ,  t h e  Bus was t e s t e d  aga in  on June 1. R e s u l t s  

from t h i s  t e s t  were s i g n i f i c a n t l y  d i f f e r e n t  from t h e  May 26 d a t a .  Driver  and/or 

f a c i l i t y  e r r o r s  were suspected a t  t h i s  time. Fur the r  t e s t s  showed even g r e a t e r  

t e s t - t o - t e s t  v a r i a t i o n .  The reason f o r  t h i s  d e v i a t i o c  was n o t  c l e a r  because 

d a t a  from t h e  r e f e r e n c e  Chevrole t ,  us ing t h e  same d r i v e r  a s  t h a t  f o r  t h e  bus,  

showed good r e p e a t a b i l i t y  dur ing t h i s  t ime a s  d i scussed  i n  Paragraph 5.2.1. 

Tes t s  conducted on June 1 4  and 15 showed e x c e l l e n t  r e p e a t a b i l i t y ,  s o  i 3 e  VW 

Emissions Lab was contacted t o  determine i f  t h e  Bus was s t i l l  opera t ing  i n  !ts 

normal manner. The Bus was s e n t  t o  t h e  VW Emissions Lab f o r  a check. The 

i n i t i a l  t e s t  a t  t h i s  f a c i l i t y  agreed wi th  t h e  JPL d a t a ,  thus  i n d i c a t i n g  t h a t  

t h e  Bus was not  opera t ing  p roper ly  and t h a t  t h e  s c a t t e r  experienced i n  t h e  

JPL t e s t s  was probably caused by a f a i l i n g  p a r t  i n  t h e  Bus. 



5/18 5 / a  5/26 6/20 6/24 6/28 vw VW JPL vw JPL JPL 

F i g u r e  3-37. VW Bus Emission Fue l  Economy 
(Miles pe r  Gallon) 

5/18 5/20 5/26 6/20 6/24 6/28 
VW VW JPL VW JPL JPL 

Figure  3-38. VW Bus NOx Data (Weighted Grams pe r  Mile)  
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6/20 6/24 6/28 
'/I8 VW ' 5$f VW JPL JPL 

Figure 3-39. VW L J S  CO Data (Weighted Grams per Mile) 

sm 5/20 5/26 6/20 6/24 6/28 
VW VW JPL VW JPL JPL 

Figure 3-40. VW Bus HC Data (Weighted Grams per Mile) 
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The VW Emissions Lab found a  f a i l u r e  i n  t h e  a i r  f low meter ing s e c t i o n  of t h e  

f u e l  i n j e c t i o n  c o n t r o l l e r .  The p a r t  was rep laced ,  t h e  bus was t e s t e d ,  a d j u s t e d ,  

t e s t e d  a g a i n ,  and then  re tu rned  t o  JPL. JPL then conducted two a d d i t i o n a l  t e s t s ,  

12 and 18,  t o  o b t a i n  r e p o r t a b l e  d a t a  on t h e  VW Bus. Data from t h e  May 26 JPL 

test has reasonab le  agreement w i t h  t h a t  from T e s t s  12 and 18, s o  t h e  May 26 t e s t  

d a t a  has  been considered i n  t h e  fo l lowing d i s c u s s i o n .  

The f u e l  economy d a t a  from a l l  t e s t s  agre: we l l .  The d a t a  from t h e  May 26, 

June 24,  and June 28 t e s t s  a g r e e  w i t h i n  2  pe rcen t .  The average of t h e s e  v a l u e s  

w i l l  be used. 

The NO, d a t a  from Test  12 a r e  i n v a l i d .  The ins t rument  t o  m2asure NO, has  two 

opera t ing  modes. One measures only NO, wh i le  t h e  o t h e r  measures bo th  NO and 

NO2; t h e  combination of NO and NO2 is def ined  a s  NO,. Th i s  ins t rument  had been 

s e t  t o  t h e  NC mode f o r  a  d i f f e r e n t  t e s t  and t h e  swi tch  s e t t i n g  was n o t  r e tu rned  

t o  t h e  NO, mode t o  read t h e  d a t a  from Test  12.  Consequently, t h e  read ings  were 

only f o r  NO and were thus  lower than t h a t  which would be  read f f  both  NO and 

NOL were measured. This  p a r t i c u l a r  d a t a  p o i n t ,  t h e  NO, d a t a  from Tes t  12,  is 

t h u s  i n v a l i d .  The NO, d a t a  from tfle JPL t e s t s  of May 26 and June 28 a g r e e  

w i t h i n  3 p e r c e n t ,  s o  t h e  d a t a  from Test  18 w i l l  be used. 

CO emission d a t a  t y p i c a l l y  show a  g r e a t e r  s c a t t e r  than Aliy of t h e  o t h e r  

measurements. T e s t s  c o ~ ~ d u c t e d  on May 18, 20, 2nd 26 show i n c r e a s i n g  CO. It 

cannot be  d e f i n i t e l y  e s t a b l i s h e d  i f  t h i s  c ~ n t i n u o v . ~ j  i n c r e a s e  is t h e  r e s u l t  of 

t h e  f a i l u r e  of t h e  VW Bus a i r  f low measurement or simply normal s c a t t e r  t y p i c a l  

of CO measurements. However, t h e  same c h a r a c t : - r i s t i c  is n o t i c e d  on t h e  t e s t s  

of June 20, 24, and 28. S ince  t h e  r e t e s t  a t  t h e  VW f a c i l i t y ,  a f t e r  t h e  Bus was 

re tu rned  Jrom JPL, showed good agreement between JPL's CO measurement and t h a t  

of t h e  VK emiss ions  Lab, t h e r e  is no reason  t o  suspec t  measurement e r r o r s  i n  t h e  

JPL f a c i l i t y .  F u r t h e r  t e s t s  were impossible  because of t ime l i m i t a t i o n s .  The 

d a t a  from t h e  May 26 test, Test  12 and Test  18 agree  w i t h i n  210 pe rcen t  ~ l t h  

t h e  May 26 t e s t  d a t a  near  t h e  c e n t e r .  The average of T e s t s  12 and 18 w i l i  thus  

be used. 



d --... 
r The tes t - to - tes t  dev ia t ion  of nydrocarbon da t a  t yp i ca l l y  shows l e s s  s c a t t e r  than 

Y 
t h a t  of the  CO emissions. This is the  case f o r  +he VW Bus data .  The average -.: 

r*+ 
d a t a  from the  June 24 and June 28 t e s t s ,  which agree with 3 percent ,  w i l l  be 

used. 

JPL's VW Bus tes ts  show t h a t  t he  hes t  values  :or t h i s  veh i c l e  a re :  

: Z Fuel Economy 16.75 

Emissions (weighted grams/mile) 

9 JPL Tes t s  Federal  Standards - 

Testing the  VW Bus on t h e  same f a c i l i t y  a s  t h a t  used f o r  the  Taxi ; es t s  provides 

assurance t h a t  t he  da ta  from the  two vehic les  a r e  comparab e by tdiminat ing nor- 

mal f a c i l i t y - t o - f a c i l i t y  va r i a t i ons .  Without t h i s  approach, normal f a c i l i t y -  

t o - f a c i l i t y  v a r i a t i o n s  ( r e f .  1 )  would have a high p robab i l i t y  of masking 

s i g n i f i c a n t  d i f f e r ences  between t h e  Bus and t h e  Taxi. 

3 . 6 . 3  BL~S Oxidizing Converter 

One s i g n i f i c a n t  d i f fe rence  between t h e  Taxi and Bus emission da ta  concerns t h e  

oxidjzing cc r~ve r t e r  i n s t a l l e d  on t h e  aus, but not t h e  Taxi. In  order  t o  ob ta in  

more comparable emission da t a ,  estimated oxidizicg c m v e r t e r  e f f i c i e n c i e s  were 

used t o  i nd i ca t e  t h e  Bus emissions i f  no converter  were i n s t a l l e d .  Converter 

e f f i c i e n c i e s  were: 

Rat i o r i a l ~  

Converter e f f i z i ency  i s  low d ~ r i n g  

wan, ~p 

Converter e f f i c i ency  is  higher ,  but 

r e l a t i v e l y  slow veh ic l e  speeds w i l l  

l i m i t  i t b  temperature 

Converter is warm 

Phase - Efficiency 

Cold Transient 30% 

Stab i l i zed  60% 

Hot T r a ~ ~ s i e n t  7 0% 



A composite FTP cyc le  f o r  the  Bus was constructed wrth t h e  da ta  from Tes ts  1 2  

and 18, then t h i s  da ta  were used t o  de r ive  emission va lues  with and without t h e  

oxidizing converter .  Results a r e  shown i n  Table 3-9 and Figure 3-41, which 

permits comparison of the  Taxi's performance f o r  t h e  average !iybrid configurat ion 

and the  On/Of f mode. 

Figure 3-4; i n d i c a t ? ~  t h a t  the p a r a l l e l  hybrid shows reasonable performance i n  

the Hybrid mode when its r e l a t i v e l y  young development s t a t e  is considered. The 

On/OfC mode may o f f e r  s i g n i f i c a n t  energy advantages, but extensive work t o  

def ine i ts exact p o t e n t i a l  and p r a c t i c a l  l im i t a t i ons  wj-11 be required.. 



Test 

900-851 

Table 3-9. Composite VW Bus FTP Test 

Phase 

Cold transient 

Stabilized 

Hot transient 

Cold transient 

Stabilized 

Hot transient 

Fuel Economy 
(Emission-based mpg) 

I Hot transient I 18.00 

Conposite-with cata3ytic converter 

Composite-without catalytic converter 

Stab Llized 17.14 

Hot transient 18.00 

FTP Urban Cycle Eata 

Cold transient 

Stabilized 

Composite - with converter 16.76 

Composite - without converter 16.76 

15.15 

17.14 

Emissions 
(grams-phase) 

Emissions 
(weighted grams/mile) 
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SECTION 4 

VEHICLE DESCRIPTION 

The c u r r e n t  VW Taxi is t h e  second g a s o l i n e / e l e c t r i c  hybr id  b u i l t  by t h e  VW 

Research and Development Center i n  Wolfsburg, West Germany. The Taxi is shown 

i n  F igure  4-1. 

The f i r s t  hybrid was based on a product ion VW Microbus and had a c o n f i g u r a t i o n  

similar t o  t h e  v e h i c l e  t e s t e d  at  JPL. Th is  f i r s t  hybrid v e h i c l e  had been 

developed t o  t h e  p o i n t  where one of t h e  key v a r i a b l e s ,  t h e  time cons tan t  

between t h e  a c c e l e r a t o r  pedal  motion and t h r o t t l e  response,  was optimized.  The 

optimum v a l u e  f o r  t h i s  t ime cons tan t  from both  emissions and energy economy 

c o n s i d e r a t i o n s  was 2.3 s e c .  

A f t e r  t h e  engineer ing d a t a  on t h e  f i r s t  p ro to type  had been ob ta ined ,  VW was 

consider ing b u i l d i n g  a second hybr id  v e h i c l e  t o  determine t h e  t e c h n i c a l  

advantages of a more advanced v e h i c l e .  A t  t h i s  time, t h e  New York Museum of 

Modern A r t  s t a r t e d  t h e i r  Taxi P r o j e c t .  Tb i s  p r o j e c t  was concerned w i t h  

developing a t a x i  which w i l l  be s u i t a b l e  f o r  u s e  i n  t h e  c i t y  of New York and 

a l s o  considered both  energy economy and low a i r  pol l i . t ion ( r e f .  VW decided 

t o  p a r t i c i p a t e  i n  t h i s  Museum of Modern Art P r o j e c t ,  s o  t h e  Vb! Tax is t h e  

r e s u l t  of previous  VW r e s e a r c h  and t h e  New York Museum of Modern A r t  Taxi 

P r o j e c t  . 

The remaining p a r t  of t h i s  s e c t i o n  w i l l  be concerned w i t h  only  t e c h n i c a l  

a s p e c t s  of t h e  v e h i c l e ,  and w i l l  not  d i s c u s s  items r e l a t e d  t o  i ts use  a s  a 

t a x i .  

4.1 TAXI ' S BACKGROUND 

This p a r t i c u l a r  v e h i c l e  i s  r a t h e r  u.-lrsual when compared t o  t h e  t reatment  of 

> .  ". . . many r e s e a r c h  v e h i c l e s .  Most resea rch  v e h i c l e s  represen t  cons iderab le  expendi- - 
Gr 

w . r u r e s ,  t y p i c a l l y  w e l l  over $10G,000, and s o  a r e  t r e a t e d  wi th  extreme c a r e  t o  
-2 

minimize r i s k  t o  t h e  v e h i c l e .  Consequently, a r esea rch  v e h i c l e  is t y p i c a l l y  

l imi ted  t o  proving ground roads i f  jt is an exper imental  engineer ing v e h i c l e  

o r  a u t o  shows i f  i t  is intended f o r  p u b l i c i t y  purposes. The VW Taxi has both 





of t h e s e  c h a r a c t e r i s t i c s .  From t h e  t e c h n i c a l  v iewpoint ,  t h e  VW Taxi is t h e  

world 's  most s o p h i s t i c a t e d  o p e r a t i o n a l  hybrid v e h i c l e  a t  t h i s  time. I n  addi-  

t i o n ,  i t  is a  show c a r .  I t  has been t o  many a u t o  shows throughout Europe and 

t h e  U.S. and was on an extended t r i p  of t h e  Eas te rn  and Midwestern p a r t s  of 

t h e  U.S. approximately one year  ago. 

However, t h e  VW Taxi is c e r t a i n l y  a  p r a c t i c a l  v e h i c l e ,  not  merely a  show 

c a r  o r  one t h a t  is confined t o  proving ground roads .  It has  been d r i v e n  approx- 

imate ly  8000 mi les ;  s i n c e  t h e  v e h i c l e  was developed f o r  t h e  New York Museum Taxi 

P r o j e c t ,  t h e  odometer is c a l i b r a t e d  i n  m i l e s ,  not  k i lomete r s .  Most of t h e s e  

m i l e s  have been d r i v e n  over p u b l i c  highways i n  normal West German t r a f f i c .  The 

VW P r o j e c t  Engineer used t h i s  v e h i c l e  as h i s  d a i l y  t r a n s p o r t a t i o n  t o  and from 

work f o r  about a  year .  It has a l s o  been d r i v e n  t o  and from a u t o  shows through- 

out  Germany and o t h e r  p a r t s  of Europe. Because of t h i s  use ,  t h i s  p a r t i c u l a r  

v e h i c l e  has  reasonably  demonstrated its a p p l i c a b i l i t y  f o r  normal highway usage. 

I n  the  remaining p a r t s  of t h i s  v e h i c l e  d e s c r i p t i o n ,  t h e  term "engine" w i l l  r e f e r  

t o  t h e  g a s o l i n e  i n t e r n a l  combustion engine  (ICE): "motor" w i l l  r e f e r  t o  t h e  

e l e c t r i c  motor. A l l  o t h e r  terminology w i l l  fo l low normal p r a c t i c e s  f o r  e i t h e r  

t h e  I C E  o r  e l e c t r i c  components. 

4.2 MECHANICAL MODIFICATIONS 

Only r e l a t i v e l y  minor modi f i ca t ions  t o  t h e  b a s i c  VW power t r a i n  were necessary  

because of t h e  r e a r  engine  conf igura t ion  and t h e  i n t e r i o r  room of t h e  product ion 

VW microbus. This  b a s i c  VW power t r a i n  made i t  p o s s i b l e  t o  remove t h e  f r o n t  

cover of t h e  product ion VW t r a n s a x l e  assembly, add a  s p e c i a l  g e a r  box t h a t  

coupled t h e  power from t h e  g a s o l i n e  engine  and t h e  e l e c t r i c a l  motor,  add a  d r i v e  

s h a f t  from t h e  e l e c t r i c  motor i n t o  t h i s  s p e c i a l  g e a r  box, and i n s t a l l  an e l e c -  

t r i c  motor i n  t h e  c e n t e r  of t h e  v e h i c l e ' s  passenger compartment. F igure  4-2 

shows a  drawing of t h e  key elements of t h i s  mechanical assembly. From t h e  

mechanical viewpoint ,  t h i s  appears  t o  be t h e  major modi f i ca t ion  necessa ry  t o  

conve-t t h e  VW product ion power t r a i n  i n t o  a  p a r a l l e l  e l e c t r i c  hybr id .  

It should be noted t h a t  the  v e h i c l e  con ta ins  many o t h e r  modi f i ca t ions  necessa ry  

f o r  use a s  a t a x i ,  but these  a r e  not  p e r t i n e n t  t o  t h i s  d i s c u s s i o n .  







4.4 ENGINE 

The engine is t h e  b a s i c  1600 c c  ca rbure ted  VW engine t h a t  has  been i n s t a l l e d  

i n  m i l l i o n s  of v e h i c l e s  up t o  1974, when product ion of t h i s  engine was stopped 

f o r  U.S. sales because i t  was unable  t o  meet emiss ions  c o n s t r a i n t s .  However, 

i t  is s t i l l  produced f o r  n a t i o n s  w i t h  l e s s  s t r i n g e n t  emissions.  The product ion 

t e rmina t ion  d a t e  is a key p o i n t ;  t h e  engine does n o t  r e p r e s e n t  c u r r e n t  emis- 

s i o n s  o r  f u e l  economy technology. Even though t h e  engine des ign  is  o ld ,  t h e  

p a r t i c u l a r  engine i n s t a l l e d  i n  t h e  Taxi is new. The engine was run about 24 

hours a t  high power on an  engine dynamometer, then t e s t e d  before  i t  was i n s t a l -  

l e d  i n  t h e  Taxi. A f t e r  b r i e r  t e s t i n g  i n  t h e  v e h i c l e ,  i t  was shipped t o  t h e  

U.S. f o r  t h e  SOA tests. 

The engine is f i t t e d  w i t h  a product ion EGR system designed f o r  t h e  Japanese 

market. No t e s t i n g  was done t o  opt imize  t h e  EGR system f o r  t h e  hybr id  a p p l i -  

c a t i o n ,  s o  i t  i s  reasonable  t o  expect t h a t  b e t t e r  t r a d e o f f s  between NOx emis- 

s i o n s  and f u e l  economy would r e s u l t  i f  t h e  EGR were optimized f o r  t h e  hybr id ' s  

unique opera t ing  c h a r a c t e r i s t i c s .  

The v e h i c l e  has no o t h e r  emissions c o n t r o l  systems. I n  p a r t i c u l a r ,  t h e r e  is  

no c a t a l y t i c  conver ter .  HC and CO emissions should be s i g n i f i c a n t l y  reduced 

i f  a c a t a l y t i c  conver ter  were i n s t a l l e d .  

The engine has a s t andard  VW c a r b u r e t o r  wi th  normal product ion c a l i b r a t i o n  

s e l e c t e d  f o r  low CO i d l e  emissions.  Spark t iming is a l s o  s t andard .  

The t h r o t t l e  is ac tua ted  by a smal l  s e r v o  motor and gear  reduc t ion  u n i t  (Figure  

4-4) t h a t  r ece ives  i ts  e l e c t r i c a l  s i g n r l s  from t h e  system c o n t r o l l e r .  There 

is  no mechanical i inkage  i n  t h i s  system, nor p rov i s ion  f o r  any. The t h r o t t l e  

is s e t  t o  open very  s l i g h t l y  i n  t h e  "off" p o s i t i o n  f o r  i d l e  a i r  flow. The 

system c o n t r o l  scheme a l s o  l i m i t s  t h e  maximum t h r o t t l e  opening t o  a v a l u e  t h a t  

provides a maximum of about 35 HP from t h e  engine,  even though i ts normal r a t i n g  

is 50 HP. This l i m i t a t i o n  i s  p a r t  of t h e  o v e r a l l  c o n t r o l  s t r a t e g y  and is  

intended t o  minimize emissions whi le  providing performance t h a t  i s  e s s e n t i a l l y  

equal  t o  t h a t  required t o  n e g o t i a t e  t h e  speed-time p r o f i l e  of t h e  Federa l  Test  





i 
Procedure (FTP) f o r  t h e  urban t e s t  cyc le .  It should be noted t h a t  a combination 

i 
{ 

of t h e  16 kW (approximately 20 HP) motor and t h e  35 HP engine g i v e s  about t h e  \ 1 

* 
same t o t a l  power as t h e  s tandard VW engine.  The motor w i l l  provide  approxi-  I 

mately 24 kW f o r  a c c e l e r a t i o n s  over s h o r t  pe r iods .  

The cold start mechanism c o n s i s t s  of a convent ional  b i m e t a l l i c  choke mechanism. 

This is heated by a product ion e l e c t r i c a l  hea te r .  The t h r o t t l e  opening neces- 

s a r y  f o r  t h e  choked condi t ion  is defined by t!ie VW system c o n t r o l l e r ;  engine  

o i l  temperature is t h e  sensed parameter.  It is no t  d e f i n i t e l y  known i f  t h e  

choke a c t u a t i ~ n  is optimized f o r  cold s t a r t s ,  but  i t  is bel ieved t h a t  l i t t l e  

work has  been done t o  optimize t h e  combined e f f e c t s  of t h e  choke a c t u a t i o n ,  

engine opera t ion  dur ing t h e  i n i t i a l  s t a r t ,  and motor power dur ing t h i s  pe r iod .  

4.5 MOTOR 

The e l e c t r i c a l  motor is r a t e d  a t  16 kW, o r  about 213 t h e  power of t h e  engine 

when t h e  eng ine ' s  reduced power is considered.  Up t o  2000 rpm, t h e  armature  

cur ren t  c o n t r o l s  t h e  motor power. From 2000 rpm t o  t h e  maximum r a t e d  speed 

of 6000 rpm, f i e l d  weakening is used t o  c o n t r o l  t h e  power. The motor can 

provide f u l l  to rque  throughout t h e  armature c o n t r o l  range. Maximum e f f i c i e n c y  

is on t h e  order  of 90 percen t  a t  

4.6 BATTERIES 

Eleven lead-acid b a t t e r i e s ,  each 

discharge r a t e ,  a r e  used f o r  t h e  

b a t t e r i e s  were i n s t a l l e d  s h o r t l y  

s o  were t r e a t e d  a s  new b a t t e r i e s  

i s t i c s  of t h e  new b a t t e r i e s  were 

about 2500 rpm. 

r e t e d  a t  90 ampere hours a t  a 20 ampere-hour 

primary e l e c t r i c a l  propuls ion system. The 

before  t h e  Taxi was shipped t o  t h e  U.S. and 

f o r  t h e  JPL t e s t s .  Since  d e t a i l e d  charac te r -  

no t  known, maximum permiss ib le  b a t t e r y  d i s -  

charge c h a r a c t e r i s t i c s  dur ing t e s t s  were def ined hy t h e  VW P r o j e c t  Engineer. 

These were: 

1 )  Primary l i m i t a t i o n  - minimum v o l t a g e  of l l O V  dur ing  t e s t i n g .  

2) Secondary l i m i t a t i o n  - a minimum reading of 60 percen t  on t h e  VW 

"BATTERIE1' meter. (This meter is discussed i n  Piragraph 4.9). 

The primary l i m i t a t i o n  was n o t  t o  be exceeded. 



The v e h i c l e  inc ludes  

mode s e l e c t o r  l e v e r ,  

a vacuum ac tua ted  c iu tch .  The c l u t c h  is  used only  when a  il 
equ iva len t  t o  a  t r a n s ~ u i s s i o n  s e l e c t o r  l e v e r ,  is  moved i n t o  1 

or  ou t  of t h e  "Hybrid" p o s i t i o n ,  I n  t h e  "Hybrid" opera t ing  mode, both  t h e  
i 

g a s o l i n e  and e l e c t r i c  power systems a r e  opera t iona l .  When t h e  l e v e r  is moved 
1 4 
U 1 . . 

i n t o  t h e  "Hybrid" p o s i t i o n ,  t h e  c l u t c h  au tomat ica l ly  a c t u a t e s  f o r  a  s h o r t  per iod 
? 

of time whi le  t h e  gear  s h i f t  l e v e r  mechanically moves t h e  t ransmiss ion gear  i n t o  

p o s i t i o n .  

The o t h e r  p o s i t i o n s  of t h e  mode s e l e c t o r  l e v e r  a r e :  

N Neutral .  The e l e c t r i c a l  power system is o f f .  The primary r e l a y  f o r  

t h e  e l e c t r i c a l  power system i s  no t  ac tua ted  s o  t h e  e n t i r e  e l e c t r i c a l  

! power system is  a c t i v e .  , 

E l e c t r i c a l  Drive Mode. The v e h i c l e  is  powered by t h e  e l e c t r i c a l  

system i n  t h e  forward d i r e c t i o n .  

Hybrid Reverse. I n  t h i s  mode, t h e  v e h i c l e  is  d r i v e n  i n  t h e  r e v e r s e  

d i r e c t i o n  by t h e  e l e c t r i c  motor; t h e  ICE engine i s  i n a c t i v e .  

Hybrid. This mode used both  power systems i n  t h e  forward d i r e c t i o n .  

Only he s h i f t  t o  and from t h e  HR t o  t h e  H mode r e q u i r e s  any apprec iab le  f o r c e  

s i n c  t h i s  motion mechanically engages t h e  t ransmiss ion t h i r d  gear .  Only t h e  

s t a n  a rd  VW t h i r d  gear  is used i n  t h e  Taxi. S h i f t s  t o  and from o t h e r  modes 

requ r e  e s s e n t i a l l y  ze ro  f o r c e  and a c t u a t e  only  swi tchcs  t h a t  send s ' , n a l s  t o  

t h e  1 c o n t r o l l e r .  

I n  t h e  E Mode, t h e r e  is  normally a  smal l  vacuum motor t h a t  provides  vacuum f o r  

t h e  power brakes.  This pump was disconnected f o r  t h e  t e s t s  s i n c e  i t  was not  

needed. 

4.8 POWER CONTROLLER 

The e l e c t r i c a l  power c o n t r o l l e r  is a  s t andard  Bosch product w i t h  s l i g h t  modifi-  

c a t i o n s  f o r  t h e  VW Taxi. VW has  an e l e c t r i c a l  c a r  program wi th  20 v e h i c l e s  t h a t  

use t h e  same, but unmodified, c o n t r o l l e r .  The power c o n t r o l l e r  occupies t h e  

~ a j o r i t y  of t h e  space on the  top  r i g h t  s i d e  of t h e  engine (Figure  4-5). 







4.9.2 Time Constant Between the  Accelerator Pedal and Thro t t l e  

A basic  element of t he  VW con t ro l  s t r a t egy  is t o  open and c lose  the  t h r ~ t t l e  

slowly regardless  of t he  acce l e ra to r  pedal  veloci ty .  The time constant  between 

the  two could be s e '  t o  e i t h e r  1.2 o r  2.5 s e c  by changing a card i n  t h e  VW 

con t ro l l e r  (Figure L - 6 ) .  When the  acce l e ra to r  pedal  is depressed quicklb-; t h e  3 ;  
t h r o t t l e  w i l l  open slowly v i t l  a ve loc i ty  defined by t h e  se l ec t ed  time cons t a t t  f 

4 

u n t i l  i t  reaches the  pos i t ion  defined by acce l e ra to r  pedal input s igna l .  I n  a z 

conventional ICE engine, che siow t h r o t t l e  opening w i l l  cause an object ionable 

delay hes i t a t i on  i n  the  torque response requested by t h e  acce l e ra to r  pedal . . 

motion. However, trle hybrid motor provides t he  necessary torque t o  meet the' 

roqirested load inc::ea3e w l . i i e  t h e  ICE engine acce l e ra t e s  more slowly than i n  

a conventional power t r a i n ,  This s t r a t egy  is ~n tended  t o  reduce the  HC and CO 

emissions tha t  a r e  g r e a t l y  e f fec ted  by engine t r ans i en t s .  

4.9.3 Operating Mode 

A SAE paper on Hborid Vehicle f o r  Fuel Economy ( r e f .  4) indicated t h a t  

considerable f u e l  economy savings could be rea l ized  i f  t he  engine were shut  off 

during i d l e  periods. A card jn t h e  VW con t ro l l e r  (Figure 4-6) permitted an 

approximation t o  t h i s  c ~ a t r o l  s t r a t egy  t o  be invest igated.  This card permitted 

the  engine t o  be turned on and off during normal dr iv ing  operation. The spark 

was turned off t o  s top the engine. The carburetor  includes an e l e c t r i c a l l y  

actuated valve t o  completely shut  off f u e l  flow, s o  f u e l  flaw was blccked during 

the e n g i w  :ff period. The Taxi operates  a s  a l  a l l - e l e c t r i ,  veh ic l e  when the  

sngine is  o f f .  Engine s t a r t u p  is i n i t i a t e d  by turniug the  apark and rue1  on 

when the  engine speed is adequate. Engine cranking 1s p r o v i d d  from motcr 

power d r i v i r g  t i e  torque converter 's  output s h a f t  v i a  the hybrid gear  box. 

The engine cut-in and cut-out dpeeds were both ad jus ta3 lz .  One adjustment sets 

the cut-in speed, while another def ines  t he  d i f fe rence  between the  cut-in and 

cut-ovt. ,, eeds. A minimum cut-in speed of about 22 mph e x i s t s  because of t he  

torque converter.  A t  speeds below 22 myh, converter s l i p  is too g rea t  t o  

t r a ~ r m i t  power adequate t o  crank the  eng:.~?,.  



A change i n  t h i s  ca rd  t h u s  permit ted  t h e  v e h i c l e  to be  opera ted i n  t h e  

normal hybrid mode o r  t h e  engine  on/off  mode. Th i s  mode had e v i d e n t l y  been 

i n v e s t i g a t e d  t o  a minim= e x t e n t  by VW s i n c e  t h e  VW P r o j e c t  Engineer termed 

t h i s  t h e  "Kangaroo" mode because of p o t e n t i a l  j e r k i n g  motion when t h e  eng ine  

s t a r t e d .  

The c l u t c h  is : lu tomat ica l ly  a c t u a t e d ,  and s o  could be opened when t h e  eng ine  

speed was o f f  and then  c l o s e d  s h o r t l y  b e f o r e  t h e  engine  w a s  s t a r t e d .  However, 

t h i s  type  of o p e r a t i o n  probably would have r e s u l t e d  i n  uneven o p e r a t i o n  i f  

c l o s e l y  timed phasing betwden t h e  c l u t c h  a c t u a t i o n  and t h e  engine  s t a r t i n g  w a s  

no t  a t t a i n e d .  The VW P r o j e c t  Engineer conducted some b r i e f  i n v e s t i g a t i o n s  of 

t h e  c l u t c h  OnIOff mode, but  p r e f e r r e d  not  t o  i n c l u d e  t h i s  c a p a b i l i t y  i n  t h e  

normal tests. 

4.0 4 "BATTERIE" Meter 

The VV c o n t r o l l e r  provided a n  output  s i g n a l  t h a t  was a n  i n d i c a t i o n  of t h e  

b a t t e r y  s ta te-of-charge  (SOC). This  s i g n a l  was de r ived  from a c i r c u i t  chat  

measured t h e  n e t  ampere-hour f low tolf rcrm t h e  b a t t e r i e s ;  t h e  c i r c u i t  included 

an approximation t o  t h e  non-linear SOC-ampere hour r e l a t i o n s h i p  t h a t  e x i s t s  

n e a r  t h e  f u l l y  charged c o n d i t i o n .  T h i s  c i r c u i t  was designed f o r ,  and marched 

to, t h e  p r e v i o w  b a t t e r i e s  and was not changed when the  new b a t t e r i e s  ware 

i n s t a l l e d .  IL was t h u s  only  an  approximation of t h e  SOC f o r  t h e  new b a t t e r i e s .  

The output  s i g n a l  was connected t o  a "BATTERIE" meter  on t h e  dash. Th i s  mecer 

read frum 0 t o  100 pe rcen t .  The meter read ing  w a s  manually a d j u s t e d  t o  read 

100 percent  a f t e r  t h e  b a t t e r i e s  were f u l l y  charged,  then mon,.cored dur ing  a 

t e s t i n g  sequence t o  o b t a i n  rea l - t ime i n f o r m a t i m  on t h e  b a t t e z y  SOC. 

The SOC s i g n a l  was not  used bv t h e  VW c o n t r o l l e r .  



SECTION 5 

WASURMENT PSRFORKQNCE 

This s ec t i on  is concerned with t he  measurement performance of t he  hybrid veh ic l e  

tests; the  bas i c  f a c i l i t y  aud instrumentat ion a r e  described i n  Appendix B. It 

d iscusses  t he  c a l i b r a t i o n  of t h e  major elements i n  t h e  JPL f a c i l i t y ,  t h e  checks 

made t o  v e r i f y  s a t i s f a c t o r y  performance during t h e  hybrid t e s t i n g  program, and 

comments concerning s p e c i f i c  i t e m s  t h a t  may influence the  hybrid t e s t i n g  data .  

This s ec t i on  is divided i n t o  two p a r t s .  The f i r s t  de sc r ibes  t h e  f a c i l i t y  

c a l i b r a t i o n s  t h a t  were done p r i o r  t o  t h e  hybrid t e s t i n g  program t o  provide 

maximum assurance of accura te  d a t a  f o r  t he  hybrid t e s t i n g  program. The second 

pa r t  d i scusses  two system-level c a l i b r a t i o n s  and procedures used t o  v e r i f y  

t he  ove ra l l  measurement performance. 

5.1 FACILITY CAIIBKATIONS 

The f a c i l i t y  c a l i b r a t i o n s  discussed here  a r e  concerned with t he  key elemeuts of 

t he  JPL test f a c i l i t y :  chas s i s  dynamometer, co r s t an t  volume sampler (CVS) 

emission instruments, gaso l ine  weigh tank, and the  d a t a  system. Le ta i led  i n fo t  - 
mation is contained i n  the  appendices; only t h e  primary po in t s  a r e  discussed 

i n  t h i s  t ex t .  

The JPL chas s i s  d y n a m e t e r  i n e r t i a  weights were changed from a b e l t  d r i v e  

system t o  a d i r e c t  d r i v e  system ioanediately before  t he  hybrid t e s t i n g  program 

t o  e l imina te  the  unce r t a in t i e s  associated wi th  t he  b e l t  losses. In previous 

test a c t i v i t i e s  on an e l e c t r i c  veh i c l e  ( r e f .  6 ) ,  i t  was determined t h a t  t he  

b e l t  losses  were s i g n i f i c z - t ,  p a r t i c u l a r l y  when t h e  veh ic l e  being t e s t ed  had 

r e l a t i v e l y  low power. O t k r  i n t e r n a l  JPL documentation a l s o  v e r i f i e s  t h a t  t h e  

b e l t  l o s se s  a r e  unaccep,ahle f o r  tests of low-power veh ic l e s  ( re f .  7). Because 

of t h i s ,  i t  was e s s e n t i a l  t ha t  t h e  d i r e c t  d r i v e  i n e r t i a  weights be i n s t a l l e d  t o  

el.iminate a major uncer ta in ty  i n  t h e  VW Taxi tests. Af te r  t h e  new weights were 

. instal led,  a break-in process was conducted t o  reduce bearing f r i c t i o n  changes 



t o  e s sen t i . l l ly  zero .  C a l i b r a t i o n s  were made at  r e g u l a r  i n t e r v a l s  dur ing  t h i s  

break-in process ;  wheri t h e  change from a prev ious  c a l i b r a t i o n  was unde tec tab le ,  

f i n a l  dynamometer c a l i b r a t i o n s  were made. 

The manufacturer ' s  dynamometer power measurement components had been p r e v i o u s l y  

augmented by a load c e l l  t o  measure f o r c e  and a d i g i t a l  t r ansducer  to  measure 

dynamometer r o l l  rpm. The d a t a  system conver ted  t h e s e  measurements i n t o  r e a l -  

t i m e  power measurements. Data were d i s p l a y e d  w i t h  a  r e s o l u t i o n  of 0.01 HP. 

O v e r a l l  meascrement system e r r o r s ,  inc lud ing  t r a n s d u c e r s  and real - t ime ca lcu-  

l a t i o n s ,  are less than 0.05 HP d u r i n g  t h e  time r e q u i r e d  t o  conduct an  FTP test. 

H ~ ~ e v e r ,  t h e  primary l i m i t a t i o n  t o  a t t a i n i n g  r e p e a t a b l e  t e s t - t o - t e s t  dynamometer 

loads  was t h e  s e t t a b i l i t y  of t h e  power a b s o r p t i o n  c o n t r o l s  and temperature- 

dependent dynamometer c h a r a c t e r i s t i c s .  The t e s t - t o - t e s t  v a r i a t i o n  of t h e s e  

f a c t o r s  is approximately 0.1 HP. 

5.1.2 Constant Volume Sampler (CVS) 

The CVS was g iven  a  camplzte c a l i b r a t i o n  p r i o r  t o  t h e  s t a r t  of t h e  hybr id  

t e s t i n g  program. T h i s  c a l i b r a t i o n  accuracy is d i r e c t l y  dependent on t h e  mea- 

surement o i  an a i r f l o w  t ransuucer .  Th i s  t r a n s d u c e r ,  a  laminar f low element 

(LFE) was s e n t  t o  a  s p e c i f i c  source  t o  be c a l i b r a t e d .  Previous  JPL exper ience  

has  shown t h a t  t h i s  is t h e  on ly  knrwn vendor t h a t  can p rov ide  c a l i b r a t i o n s  of 

v a r i o u s  a i r f l o w  t r a n s d u c e r s  and have in tercompar ison d a t a  of t h e s c  t r a n s d u c e r s  

a g r e e  w i t h i n  t h e  s p e c i f i e d  accuracy.  

5.1.3 Emission Ins t ruments  

Emission ins t ruments  were c a l i b r a t e d  i n  t h e  conven t iona l  manner. Th i s  r e q u i r e s  

i n t r o d u c t i o n  of c a l i b r a t i o n  g a s s e s  wi th  known c o n c e n t r a t i o n s  i n t o  t h e  emiss ion 

ins t ruments  t o  Eer ive  t h e  c a l i b r a t i o n  curve.  Experfence has  shown t h a t  t h e  . 
c o n c e n t r a t i o n s  s p e c i f i e d  by a  vendor a r e  no t  always c o r r e c t .  Cor rc ln t ;  .n of 

* '  I .  
s e v e r a l  gasses ,  measured on t h e  same range of one ins t rument ,  can a s s i s t  r e s u l u -  

-: ? .  . - .  t i o n  of t h i s  prablem. However, JPL has  been a b l e  t o  use  t h e  resources  of a  
?&. 

l o c a l  emiss ion t e s t i n g  f a c i l i t y  t h a t  has  a  l a r g e  supply cf  c a l i b r a t i o n  g a s s e s  
.t(: .. . 
, . t h a t  have e x t e n s i v e  c o r r e l a t i o n  w i t h  o t h e r  g a s s e s  throughout t h e  n a t i o n .  T h i s  

< *  
L. . 
; iY resource  has  been used t o  r e s o l v e  c o n f l i c t s  between t h e  s p e c i f i e d  ccncen:rations 
~2 sf-. 
* DL and agreement w i t h  o t h e r  g a s s e s  of s i s i l a r  concen t ra t ion .  .: + 

& 



5.1.4 Power Measurements 

The overall power measurement a c c u r a c y  is d e r i v e d  from two l a b  c a l i b r a t i o n s  p l u s  

t h e  sys tem-leve l  check  d i s c u s s e d  i n  pa rag raph  5.2.2 .  T h i s  d i s c u s s i o n  w i l l  be  

l i m i t e d  t o  t h e  two l a b  c a l i b r a t i o n s .  

a )  T ransduce r s  -- The two c u r r e n t  t r a a s d u c e r s  and two v o l t a g e  d i v i d e r s  were 

c a l i b r a t e d  by t h e  JPL S t a n d a r d s  Lab. These  c a l i b r a t i o n s  veFe s t a t e d  

t o  b e  wiLhin 1 /4  ? e r c e n t ,  t h e  r e q u e s t e d  accu racy .  

The S t a n d a r d s  Lab found t h a t  t h e  c u r r e n t  t r a n s d u c e r s  were  s u s c e p t i b l e  

t o  d r i f t  d u r i n g  a warm-up pe r iod .  The d r i f t  was e s s e n t i a l l y  w i t h i n  

0.1 p e r c e n t  a f t e r  a  pe r iod  o f  a b o u t  1 5  min. Adcquate warmup time f o r  

e a c h  hybr id  tlst v a s  provided  by c o n n e c t i n g  t h e  measurement sys t em t o  

t h e  power i n  t h e  v e h i c l e  s t o r a g e  a r e a  f o r  a  p e r i o d  o f  a t  l e a s t  30 min 

p r i o r  t o  t h e  time t h a t  t h e  v e h i c l e  was d r i v e r ,  t o  t b . ~  test a r e a .  Power 

w a s  t h e  l a s t  i t em t o  be  d i s c o n n e c t e d  when t h e  v e h i c l e  l e f t  t h e  s t o r a g e  

b u i l d i n g s ,  bu t  w a s  on f o r  a p e r i o d  of abou t  15  min between t h e  t i m e  t h e  

t h e  test sit2. T y p i c a l l y ,  t h e  pover  was o f f  f o r  3 t o  4 min between 

b u i l d i n g s  bur was on f o r  a p e r i o d  of  abou t  15 min between t h e  tiate t h e  

v e h i c l e  a r r i v e d  a t  t h e  test s i t e  u n t i l  t h e  test was s t a r t e d .  

h )  Power Measurement C i r c u i t  -- These  c i r c u i t s  wcre  c a l i b r a t e d  t o  w i t h i n  -.-- 

0.1 p e r c e n t  on a dc b a s i s  a f t e r  c o n s t r u c t i o n  and l a b  checkout  w a s  com- 

p l e t e d .  C a l i b r a t i o n  d a t a  is shown i n  F i g u r e  5-1. 

The v o l t a g e  d i v i d e r s  c o n t a i n  a  compensa t ion  network t o  t r i m  t h e i r  

r e sponse .  T h i s  compensa t ion  network and o t h e r  c i r c u i t  a d j u s t m e n t s  were 

set t o  p r o v i d e  minimum d i s t o r t i o n  t o  a s q u a r e  wave i n p u t .  The r e s p o n s e  

o f  t h e  power measurement c i r c u i t s  i n s i d e  t h e  c h a s s i s  is less t h a n  

1 0  m i c r o s e c o r d s  e x c e p t  f o r  t h e  vo l t age - to - f r equency  c o n v e r t e r .  T h i s  

u n i t ,  which h a s  a  f u l l - s c a l e  o u t p u t  o f  10 kHz, is s p e c i f i e d  t o  r e a c h  

t h e  new f requency  w i t h i n  one  c y c l e  a f t e r  t h e  i n p u t  v o l t a g e  is changed. 



5.1.5 Gasoline Weight Measurements 

All gasoline fuel economy measurements were based on a gasoline weighing system 

(Figure 5-2). The lightweight tank is filled before a test and contains enough 

fuel to conduct an urban FTP test. The gasoline weight measurement is within 

20.5 percent, and probably better; the most recent calibration &ta is shown in 

Figure 5-3. 

The total weight of gasoline consumed during a test is a more certain measurement 

than one based on the complex emission measurement system, so the weigh tank data 

are used as the basis for the gasoline energy consumption data in this report. 

Paragraph 5.2.1 discusses use of the weigh tank data. 

5.2 SYSTEM CHLCKS 

Tvo different system-level checks were used to verify the energy and emission 

measurements for the Hybrid testing program. The first concerned use of a refer- 

ence vehicle to conduct repeated tests at intervals of several weeks to determine 

the repeatability of the facility. The second checked the calibration of the 

power measurement circuits used to measure battery and motor power. 

5.2.1 Reference Vehicle Tests 

A comnon approach to verification of facility repeatability for the complex 

Federal Test Procedure (FTP) tests is use of a specific vehicle to conduct 

repeated tests over a period of time. Auto firms use this technique to determine 

the time-varying repeatability of a single test site and also to correlate the 

measurements between various test sites. Typically, the reference vehicle is 

modified to remove itam that could create varying economy or emissions perform- 

ance. Modifications include: 

1) Remove the alternator and supply vehicle power from an external power 

source. 

2) Remove the fuel pump and supply gasoline from an external pressurized 

source. 





Install bias-ply tires and interchange the tires frequently to minimize 

the wear effects. 

Remove the air conditioner. 

Remove all eaission control devices. 

Remove the rear brake automatic adjustment mechanism. 

Check the engine to accurately verify critical parameters (compression 

ratio of each cylinder, distributor characteristics, carburetor, etc.). 

Controlled break-ia for at least 4000 miles. 

Install special rear wheels to measure torque at the dynamometer rolls. 

JPL uses a 1975 Chevrolet for its reference vehicle. Thewehicle does not 

include all the listed changes, but does have a reasonable history of recent 

testing performance. Its fuel economy and emissions repeatability during the 

time of the hybrid tests is shown in Figures 5-4 through 5-7. Three consecutive 

cycles of the hot transient phase of the FTP are used for JPL repeatability 
tests. Each cycle is 505 seconds long, so these tests are referred to as "Hot 

505" tests. The graphs show the results of the three individual cycles as well 

as the average of the three cycles. 

Cycle-to-cycle and test-to-test repeatability are good indicators of overall 

facility performance, including the driver. 

Although facility repeatability can be established with chis technique, the 

agreement between the fuel economy calculated from the weigh tank fuel measure- 

f i b  ment, discussed in Paragraph 7.2, and the economy calculated from the emission 
*: - .  - :. . -: instrument data is more important. Use of the two entirely different measureme~~t 

j"(. 

;,& techniques, weigh tank and emissions, to determine fuel economy provides an 

. : excellent check that all components of both measuring processes are operating 
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by t h e  FTP. However, t h e  emiss ions  based f u e l  economy measurement w i l l  i n c l u d e  

e f f e c t s  of exhaust  l e a k s  i n  t h e  v e h i c l e ,  f l e x i b l e  hose and a l l  r e l a t e d  f i t t i n g s  

between t h e  v e h i c l e  exhaust  p i p e  and t h 2  L:S, che CVS and a l l  i t s  r e l a t e d  c a l i -  

b r z t i o n s ,  and t h e  emiss ions  ins t ruments  and a l l  t h e i r  r e l a t e d  c a l i b r a t i o n s .  

There is t h e  p o s s i b i l i t y  of many l e a k s  i n  t h i s  f low pa th ;  about 50 so leno id  

v a l v e s  a r e  included a s  w e l l  a s  many f l e x i b l e  hoses and tub ing  f i t t i n g s .  I f  t h e  

f u e l  economy c a l c u l a t e d  from t h e  emiss ions  ins t ruments  a g r e e s  w i t h i n  23 percen t  

of t h e  economy c a l c u l a t e d  from t h e  weigh t ank ,  t h e  e n t i r e  emiss ions  measurement 

system is  i n  good cond i t ion .  
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Figure  5-8 shows t h e  agreement between t h e  emiss ions  and weigh t ank  f u e l  economy 

f o r  t h e  re fe rence  v e h i c l e .  Twelve of t h e  15 i n d i v i d u a l  c y c l e s  p rov ide  agreement 

w i t h i n  f l  pe rcen t ;  only  one p o i n t  is o u t s i d e  of 2 pe rcen t .  Th i s  shows Lhat t h e  

JPL f a c i l i t y  has  good performance f o r  both  t h e  emiss ions  and ve igh  t ank  d a t a  

dur ing t h e  hybr id  t e s t i n g  pe r iod .  

The good agreement between t h e  weigh tank and emiss ions  f u e l  economy f o r  t h e  r e f -  

erence  v e h i c l e  dur ing the  hybr id  t e s t i n g  program was used  t o  deduce t h a t  t h e  W 
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Figure 5-8. Agreement Between Weigh Tank and Emissions 
Fuel Economy - Reference Chevrolet 

Taxi had developed a leak in its exhaust. The agreement between the two fuel 

economy measurements for two early Taxi Hot 505 tests was less than 2 percent as 

shown in Figure 5-9. The agreement became poorer, but careful inspections dis- 

closed no leaks. After the reference vehicle tests conducted on June 27 con- 

tinued to show good agreement, the Taxi's exhaust system was examined by searching 

with a gas sample probe connecteZ to the emission measurement instruments. This 

technique found one leak. During disassembly to correct the leak, another leak 

source was indicated by black discoloration in a nomally inaccess4ble area. 
,' 

Retests of the Taxi on July 15, after the leak had been located and repairs made, 

showed agreement between the weigh tank and emissions based fuel economy within 

2 percent, the value originally obtained on June 21. 

5.2.2 Power Measurement Checks 

After the power measurement c' - uits had been installed, initial checkout com- 
pleted and the circuits were ok+erating satisfactorily, a check of the calibration 

of all components except for the transducers and buffer amplifiers was conducted. 

For this check, the input signals to the power measurement circuits were discon- 

nected by removing the input connectors for both the voltage and current signals. 



Voltages equivalent to specific current and voltage values were then introduced 

into the measurement circuit at the same point as the input connector signal. 

These input signals were derived from stable, accurare voltage sources as shown 

in Figure 5-10. The calibration voltage was set to the desired value when meas- 

ured by a digital voltmeter with specified accuracy of 0.02 percent. The cali- 

bration voltages were selected to provide signals proportional to 135 volts and 

two different currents, 100 and 200 amps. The 135 volt level was selected as an 

approximation of a typical Taxi operating point. 

The output of the power measurement circuit was sent through the entire measure- 

nent system and recorded on the data system printer. The printer was set t o  

automatically print at f min intervals. The internal timing of the data system 

and its priority structure will start the printwt well within a millisecond of 

the exact 1 min interval, so time deviation between the 1 min printout is negli- 

gible. The test was continued for at least 6 min. The printed record thus con- 

tained six values of the instantaneous power, in kilowatts, and six values of 

the integrated watt hours. The data were averaged and are shown in Figure 5-11. 

The dc calibration accuracy of the measurement system from the input to the 

measurement chassis to the output data is thus better than 0.5 percent. 

Response of the isolation amplifiers was defined by removing t . . ~  . ,  .stions to 

the motor voltage terminals and inserting a caItbr&tion voltage ' J - 3 3  . 110- 
scope into these measurement terminals. The signal flowed through t" 1.v 
divider and isolation amplifier, then was measured at the inpbt to ..t.rmic 

circuits on the voltage measurement card. The response 13 shown in ,are 5-2. 

Since the frequency response checks conducted on the intelrial electroni: cir- 

cuits, discussed in Paragraph 5.1.4, showed that these circuits were much foster 

than the isolation amplifiers, the response of the entire power measurement cir- 

cuit for the voltage channel is defined by the waveform shown in Figure 5-12. 

The response of the current transducers is stated as 5 kHz by the manufacturer. 

Checks which showed the current rise and fall under square wave response inputs 

indicated that this specification is conservative. 
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The c i r c u i t  response permits measurement of very sho r t  negative pu lses  t h a t  may 

occur when the average s i g n a i  l eve l  is  pos i t ive .  This  s i g n a l  c h a r a c t e r t s t i c  is 

typ ica l  of a chopper power c o n t r o l l e r  opera t ing  a t  low power l eve l s .  Waveforms 

of th ree  d i f f e r e n t  cur ren t  s i gna l s ,  each a t  r e l a t i v e l y  lw power, are shown i n  

Figure 5-13. The negat ive sp ikes  represent  a s i g n i f i c a n t  por t ion  of t h e  t o t a l  

power. The F L  measurements sum the p w e r  f o r  a per iod of 0.1 sec ,  then crans- 

t r s  t he  ; r . e r  da t a  f o r  t h i s  time t o  t he  d a t a  system memory. Separate  measure- 

T : l l i  c i r c u i t s  a r e  used f o r  t he  cur ren t  flow i n t o  and out  of t h e  ba t te ry .  I f  both 

pos i t i ve  and negat ive a r ea s  occur within t h e  0.1 s ec  measurement per iod,  t he  da t a  

system w i l l  measure b o ~ h  p o s i t i v e  and negat ive powers. The r e s u l t i n g  d i sp l ay  is 

shown i n  Figures 5-14 and 5-15. I n  these  photos, t h e  sequence of readiqgs f r m  

the  top is: 

1) Power ou t  of t he  b a t t e r y  

2) Power i n t o  the  b a t t e r y  

3 )  Power i n t o  t h e  motor 

6) Power ou t  of the  motor. 

Readings a r e  i n  ki lowatts .  The r i g h t  d i sp l ay  shows motor rpm. 

This measurement technique w i l l  probably provide d i f f e r enc  d a t a  than one which 

has a slower response, so JPL d a t a  w i l l  not neces sa r i l y  compare d i r e c t l y  t o  o the r  

power measurements. 







SECTION 6 

TESTING SEQUENCE 

This s e c t i o n  o u t l i n e s  t h e  b a s i c  philosophy and t h e  t e s t i n g  program t h a t  was used 

t o  d e f i n e  t h e  performance of t h e  VW Taxi. I n  g e n e r a l ,  t h e  t e s t i n g  sequence was 

d i c t a t e d  b y ' t n e  n e c e s s i t y  t o  test a  v a l u a b l e  and u n f a m i l i a r  v e h i c l e  i n  a  s h o r t  

per iod of time. 

6.1 PHILOSOPHY 

6.1.1 P r i o r  t o  Vehicle A r r i v a l  

Several  d i s c u s s i o n s  p r i o r  t o  t h e  t ime t h e  VW Taxi a r r i v e d  a t  JPL provided 

p r e l k i n a r y  informat ion on t h e  v e h i c l e ,  i ts conf igura t ion ,  and i ts  charac te r -  

i s t i c s .  Severa l  key p o i n t s  were c l e a r :  

1 )  Valuable Vehicle.  The i n i t i a l  d i s c u s s i o n s  w i t h  VW of America, which 

had t h e  c o n t r a c t u a l  r e s p o n s i b i l i t y  f o r  t h e  VW Taxi,  i n d i c a t e d  t h e  

v e h i c l e  would be insured f o r  $400,000 dur ing  i ts  s t a y  a t  JPL. This  

is  a  reasonable  f i g u r e  f o r  a  v e h i c l e  which r e p r e s e n t s  bo th  an  .. - . i 
engineer ing p ro to type  and a  show v e h i c l e .  Accordingly, i t  wns 

c l e a r  t h a t  t h e  v e h i c l e  would have t o  be t r e a t e d  wi th  a g r e a t  d e a l  

of c a r e  i n  t h e  t e s t i n g  program. A s  an example, i t  would be impos- 

s i b l e  t o  d r i l l  h o l e s  t o  f a c i l i t a t e  c a b l e  rou t ing  o r  mechanical 

i n s t a l l a t i o n  of t e s t i n g  components. T h i s  would be  normal p r a c t i c e  

wi th  a  v e h i c l e  which was only an engineer ing p ro to type  o r  even a  

s t andard  American passenger veh ic le .  The i n i t i a l  p lans  f o r  t h e  

ins t rumentat ion t h a t  would be requ i red  on t h e  Taxi included t h i s  

l i m i t a t i o n  because of t h e  Tax i ' s  value .  

2) - VW P r o j e c t  Engineer. The c o n t r a c t  c a l l e d  f o r  t h e  a s s i s t a n c e  of a  

VW engineer  a t  t h e  JPL t e s t i n g  s i t e  f o r  a  period of up t o  45 days. 

During t h e  i n i t i a l  d i s c u s s i o n s ,  inc lud ing  s e v e r a l  phone c a l l s  t o  

t h e  VW Research and Development Ce:ter i n  Germany, t h e  exac t  s t a t u s  

of t h i s  engineer  was no t  c l e a r .  Only one phone c a l l  was made 

d i r e c t l y  t o  R. Miersch, t h e  p r o j e c t  engineer  i n  charge of t h e  Taxi.  

During t h i s  p ~ r r t i c u l a r  c a l l ,  i t  was apparent  t h a t  he was 

thoroughiy f a m i l i a r  with the  v e h i c l e  and spoke English.  However, 



i t  was not  de f ined  a t  t h i s  t ime t h a t  Mr. Miersch would a c t u a l l y  be 

t h e  person who would a c ~ m p a n y  t h e  v e h i c l e  t o  t h e  U.S. I t  was 

p o s s i b l e  t h a t  a  s e n i o r  person,  p o s s i b l y  from t h e  upper management 

l e v e l ,  would accompany t h e  v e h i c l e  t o  r e p r e s e n t  VW and p rov ide  

assurance t h a t  t h e  v e h i c l e  was t r e a t e d  p roper ly  dur ing  t h e  t e s t i n g  

program. I f  t h i s  were t h e  case ,  t h e  a s s i s t a n c e  a v a i l a b l e  f o r  t h e  

v e h i c l e  and t h e  t e s t  program could be r e l a t i v e l y  l i m i t e d .  However, 

i t  was c e r t a i n  chat  t h e  VW r e p r e s e n t a t i v e  would be a  key person i n  

a l l  test a c t i v i t i e s .  

31 Avai lab le  Information.  The a v a i l a b l e  in fo rmat ion  p r i o r  t o  t h e  

v e h i c l e ' s  a r r i v a l  c o n s i s t e d  of a  copy of t h e  e x c e r p t s  d e a l i n g  w i t h  

t h e  VW Taxi from a  New York Museum of Modern A r t  p u b l i c a t i o n  

( r e f .  5 )  and some d e t a i l e d  t e c h n i c a l  in fo rmat ion  provided by VW. 

The l a t t e r  informat ion was s e n t  i n  answer t o  a JPL reques t  f o r  

c e r t a i n  t e c h n i c a l  informat ion t h a t  would a s s i s t  t e s t i n g  p r e p a r a t i o n s  

p r i o r  t o  t h e  t ime t h e  Taxi a r r i v e d  i n  t h e  U.S. 

The VW rep ly  was comprehens~ve and included informat ion on t h e  

engine ,  to rque  conver te r ,  e l e c t r i c  motor,  and e l e c t r i c  motor 

c o n t r o l l e r .  There was e s s e n t i a l l y  no informat ion a v a i l a b l e  on 

d e t a i l s  of t h e  system c o n t r o l  s t r a t e g y .  Consequently, p lans  f o r  

a  key p a r t  of the  t e s t i n g  program had t o  be delayed u n t i l  t h e  

d e t a i l s  of t h e  c o n t r o l  s t r a t .  y were s p e c i f i c a l l y  known. 

Th i s  summarizes t h e  informat ion t h a t  was a v a i l a b l e  t o  d e f i n e  t h e  t e s t  sequence 

p r i o r  t o  t h e  a r r i v a l  of t h e  VW Taxi a t  JPL. 

6.1.2 A f t e r  Vehic le  A r r i v a l  

The v e h i c l e  a r r i v e d  a t  t h c  Los Angeles Ai rpor t  accompanied by R. Miersch,  t h e  

VW p r o j e c t  eng inee r .  Mr. Miersch has  been a s s o c i a t e d  w i t h  e l e c t r i c  and hybrid 

v e h i c l e s  f o r  over f i v e  y e a r s  a t  VW. He had p a r t i c i p a t e d  i n  both  t h e  d e s i g n  

and c o n s t r u c t i o n  of t h e  p rev ious  p ro to type  and d i d  a  g r e a t  d e a l  of t h e  d e t a i l  

work of t h e  p resen t  Taxi. He t h e r e f o r e  knows t h e  v e h i c l e  ve ry  we l l .  A s  

mentioned i n  t h e  previous  paragraph,  JPL was u n c e r t a i n  a s  t o  t h e  amount of 



modi f i ca t ion  t o  t h e  v e h i c l e  o r  even t h e  a d d i t  ion of measurement ins t ruments  

t h a t  would be permit ted .  However, e a r l y  d i s c u s s i o n s  w i t h  Mr. Miersch i n d i c a t e d  

t h a t  JPL would have t h e  f ~ e e d o m  t o  implement measurements which were f a r  beyond 

t h e  scope permit ted  by t ime and funding c o n s t r a i n t s .  The combination of Mr. 

Miersch's  pe r sona l  knowledge of t h e  v e h i c l e  and h i s  extreme i n t e r e s t  i n  

ob ta in ing  t e s t  d a t a  promised t o  make t h e  test program very  i n t e r e s t i n g .  

M r .  Miersch a l s o  de f ined  some of t h e  b a s i c  c o n t r o l  a s p e c t s  of t h e  Taxi and 

r e l a t e d  i ts c h a r a c t e r i s t i c s  t o  o t h e r  p u b l i c a t i o n s  d e a l i n g  wi th  hybr id  

v e h i c l e s .  Since  d a t a  from p u b l i c a t i o n s  concerned w i t h  o t h e r  h y b r i d s  were of 

i n t e r e s t  t o  t h e  JPL t e s t i n g  program, h i s  pe r sona l  knowledge promised t o  be 

very  b e n e f i c i a l .  

6.1.3 Tes t ing  Sequence 

The e v e n t s  desc r ibed  i n  t h e  previous  two s e c t i o n s  made i t  c l e a r  t h a t  t h e  t e s t i n g  

sequence should be divided i n t o  two g e n e r a l  phases:  

1)  T e s t s  During Presence of VW P r o j e c t  Engineer.  R. Miersch 's  

knowledge of the  v e h i c l e  and h i s  i n t e r e s t  i n  o b t a i n i n g  a l l  p o s s i b l e  

informat ion make i t  apparent  t h a t  t h e  maximum t e s t i n g  r a t e  should 

be done dur ing  t h e  time t h a t  Mr. Miersch would be a v a i l a b l e .  He 

was scheduled t o  l eave  on June 29t!-t, s o  t h e  t e s t i n g  program was 

d i r e , , :  12d toward conducting a  maximum number of t e s t s  dur ing  June. 

It was hoped t h a t  t h e s e  t e s t s  would adequate ly  d e f i n e  t h e  b a s i c  

opera t ing  c h a r a c t e r i s t i c s  of t h e  VW Taxi a d  a l s o  provide  t h e  

l e a r n i n g  curve  necessa ry  s o  JPL could con t inue  a t  l e a s t  l i m i t e d  

t e s t s  a f t e r  Mr. Miersch re tu rned  t o  Germany. The c \ m t r a c t  c a l l e d  

f o r  t h e  Taxi t o  s t a y  i n  t h e  U.S. f o r  60 davs ,  s o  3 per iod of 

approximately t h r e e  weeks was a v a i l a b l e  f o r  t e s t i n g  a f t e r  Mr. 

Miersch re tu rned  t o  Germany. 

2 )  m l e t i o n  of Tes t s .  A f t e r  Mr. Miersch l e f t  f o r  Germany, i t  was 

planned t o  conduct r e p e a t  t e s t s  necessary  t o  v e r i f y  p rev ious  t e s t s ,  

f i l l  i n  gaps between previous  t e s t s ,  ar '  -+onduct o t h e r  a c t i v i t i e s  

which would be e i t h e r  t ime consuming or  not  p r o f i t a b l y  u s e  Mr. 

Miersch 's  t e c h n i c a l  knowledge of t h e  Taxi. 

In  g e n e r a l ,  t h i s  t e s t i n g  sequence was followed. 



There  is one  s p e c i f i c  consequence  of t h i s  t e s t i n g  sequence ;  d e t a i l e d  b a t t e r y  

tests were n o t  conducted d u r i n g  t h e  time t h a t  Mr. Miersch  was a v a i l a b l e  a t  JPL.  

I n  o r d e r  t o  c l o s e l y  check  t h e  b a t t e r y  energy ,  i t  was n e c e s s a r y  L O  measure  t h e  

s p e c i f i c  g r a v i t y  of e a c h  c e l l  a f t e r  t h e  b a t t e r i e s  were f u l l y  c h a r g e d ,  conduct  

t h e  test ,  and t h e n  r e t u r n  t h e  v e h i c l e  t o  its s t o r a g e  p l a c e  f o r  a  p e r i o d  of 

app rox ima te ly  f o u r  h o u r s  b e f o r e  th., s p e c i f i c  g r a v i t i e s  of e a c h  c e l l  were  

checked a g a i n .  The d e l a y  was necessary t o  a l l o w  a d e q u a t e  d i f f u s i o n  time i n  

t h e  e l e c t r o l y t e .  A f t e r  t h i s ,  i r  would be  n e c e s s a r y  t o  f u l l y  r e c h a r g e  t h e  

b a t t e r i e s  p r i o r  t p  t h e  nex t  d a y ' s  t e s t i n g  a c t i v i t ~ e s .  T h i s  e n t i r e  p r o c e d u r e  

would r e q u i r e  a  l ong  working dav  and c l e a r l y  wou!d l i m i t  t h e  number of t e s t s  

t o  one  p e r  day.  I n  a d d i t i o n ,  i t  would p r e c l u d e  any e x p e r i m e n t a l  work on t h e  

Tax i ,  t h e  i n s t r u m e n t a t i o n ,  o r  t h e  f a c i l i t v  t h a t  is  normal i n  t h e  checkout  

p e r i o d  when a  new v e h i c l e  a r r i v e s  f o r  e n g i n e e r i n g  tests. Consequent ly ,  t h e  

d e t a i l e d  b a t t e r y  tests were d e l a y e d  u n t i l  a f t e r  Mr. Fl ie rsch  ret1:rned t o  Germany. 

6 . 2  TESTING PROGRAM 

The t e s t i n g  program was d i v i d e d  i n t o  t h r e e  phases :  chec-icol:t, p r imary  test,  

and comple t ion  of test d a t a .  

6.2.1 Checkout 

The checkout  phase  was a s s o c i a t e d  * i t h  t h e  normal  checkout  n e c e s s a r v  t o  dcf  i n e  

t h e  c o r r e c t  i n f o r m a t i o n  and p rocedure  problems.  I t  was expec ted  t h a t  t h e  

checkout  phase  would be more d i f f i c u l t  t han  u s u a l  because  t h e  pr~!gram d e a l t  

w i t h  an  u n f a m i l i a r  and s o p h i s t i c a t e d  v e h i c l e .  T h i s  d e g r e e  of d i f f i c u l t y  

o c c u r r e d .  However, unexpected  problems had a s e v e r e  inlpa1-t on t h e  schedule. 

I n  p a r t i c u l a r ,  problems a s s o c i a t e d  w i t h  t h e  g a s o l i n e  supp ly  t o  t h c  VW TasS 

caused a l a r g e  g a s o l i n e  f l ow from t h e  f i n s o l i n e  s o u r c e  i n t o  t h e  c i ~ r b u r r t o r ,  

i n t a k e  man i fo ld ,  combust ion and o t h e r  p a r t s  of t h e  h x i ' s  eng ine .  

Two such  problems were encoun te red .  Thc cause  of t h e s e  problems was t r a c e d  

t o  a v e r y  s m a l l  ny lon  p a r t i c l e  which p robab ly  c'lme froni t h e  s c a t  of a  v a l v e  

t h a t  was i n s t a l l e d  t o  connect  t h e  J P L  g a s o l i n e  weigh t a n k  sys tem t o  t h e  L'N 

c a r b u r e t o r .  Even though t h e  v a l v e  was new and sh ipped  i n  a s e a l e d  packq:e, 

i t  is b e l i e v e d  t h a t  ~ b ?  v a l v e  conta i l led  a v e r y  s m a l l  p n r t i c l c  of t h c  s c a t  

m a t c r i a l  l o o s e  w i t h i n  t h e  va!ve. T h i s  smal l  p a r t i c l e  c v e n t u n l l v  worked i t s  



way i n t o  t h e  VW c a r b u r e t o r  need le  v a l v e ,  caus ing  t h e  need le  v a l v e  t o  b e  s t u c k  

open. Tbe JPL weigh t ank  system provides  g a s o l i n e  t o  t h e  Taxi dur ing  tests. 

The system is operated a t  a p r e s s u r e  of approximately 3 p s i ,  s o  t h e  combination 

of t h i s  c o n s t a n t  p r e s s u r e  and t h e  l eak ing  need le  v a l v e  caused a cont inuous  

g a s o l i n e  f low i n t o  t h e  VW engine  even vhen t h e  engine  was shu t  o f f .  

The checkout a l s o  d i s c l o s e d  a desig?r e r r o r  i n  t h e  power measurement c i r c u i t r y  

provided by JPL. This  e r r o r ,  which was c o r r e c t e d  s h o r t l y  a f t e r  Taxi  tescs 

s t a r t e d ,  is d i scussed  i n  Paragraph 7.1. 

There were a l s o  solie problems a s s o c i a t e d  w i t h  t h e  Taxi.  On f i v e  occas ions ,  

t h e  t a x i  backf i red ,  i t s  engine  stopped dur ing  a t e s t ,  o r  t h e  tran.smission 

would no t  s h i f t  i n t o  t h e  Hybrid o p e r a t i n g  mode. Each of t h e s e  problems made 

r e t e s t s  necessary .  

The o v e r a l l  r e s u l t  i n  d e a l i n g  wi th  a n  u n f a m i l i a r  v e h i c l e ,  t h e  g a s o l i n e  f low 

problem, and t h e  Taxi problems r e s u l t e d  i n  an  extended and r a t h e r  f r a n t i c  

checkout phase. 

6.2.2 Primary Data A c q u i s i t i o n  

During t h e  primary d a t a  a c q u i s i t i o n  pe r iod ,  i t  was impera t ive  t h a t  t h e  maximum 

number of t e s t s  be conducted whi le  t h e  VW p r o j e c t  eng inee r  was a v a i l a b l e .  

This  was p a r t i c u l a r l y  t r u e  because of t h e  problems a s s o c i a t e d  w i t h  t h e  Taxi 

mentioned i n  t h e  p rev ious  s e c t i o n .  It was a l s o  apparen t  t h a t  t h e  T a x i ' s  

d e t a i l e d  performance was on ly  approximately known a t  t h i s  s t a g e  i n  t h e  Tax i ' s  

development. Even though t h e  v e h i c l e  had been d r i v e n  f o r  8000 m i l e s ,  t h e  

o p p o r t u n i t i e s  t o  conduct comprehensive t e s t s  a t  t h e  VW Research and Development 

Center were r e l a t i v e l y  l i m i t e d .  Th i s  1 imi t . l t ion  was imposed by two VW 

a c t i v i t i e s ;  t h e  p u b l i c  r e l a t i o n  a s p e c t s  of t h e  t a x i  and t h e  e l e c t r i c  v e h i c l e  

program, which used t h e  same resources  a s  those  f o r  t h e  hybrid v e h i c l e .  The 

VW p r o j e c t  eng inee r  s t a t e d  t h a t  t h e  p u b l i c  r e l a t i o n s  e f f o r t s  were a major 

l i m i t a t i o n  t o  ob ta in ing  comprehensive enb ineer ing  informat ion on t h e  

VW Taxi. Because of t h i s  l i m i t a t i c n ,  t h e  1% p r o j e c t  eng inee r  i c d i c a t e d  t h a t  

he could not  a c c u r a t e l y  p r e d i c t  t h e  d e t a i l e d  performance t h a t  would r e s u l t  from 

some of t h e  opera t ing  modes t h a t  were w i t h i ?  t h e  ~ a x i ' s  capabi l i t i e s .  It 



t h e r e f o r e  became necessa ry  t o  conduct a s e r i e s  of tests which would provide 

g u i d e l i n e s  concerning t h e  Taxi ' s  nominal performance w i t h  s e v e r a l  of t h e  

v a r i a b l e s  t h a t  could be r e a d i l y  changed. These tests were conducted iaunedi- 

a t e l y  a f t e r  t h e  checkout was complete. A f t e r  t h e s e  tests were completed, i t  

was f e l t  that t h e  nominal performance t h a t  could be expected of t h e  Taxi ' s  

b a s i c  opera t ing  modes was reasonably  w e l l  known. I n  a d d i t i o n ,  performance of 

both t h e  f a c i l i t y  and Taxi had a l s o  been r e l i a b l e  f o r  a s e r i e s  of t e s t s .  

A f t e r  t h e  per iod s t a r t i n g  a b o l ~ t  June 20, t h e  t e s t i n g  r a t e  was good. X t y p i c a l  

day 's  a c t i v i t y  would c o n s i s t  of s p e c i f i c  g r a v i t y  t e s t s  t o  v e r i f y  t h e  s t a t e  of 

charge of each b a t t e r y ,  conducting a FTP Urban Cycle Test  wi th  t h e  Taxi con- 

f i g u r a t i o n  def ined by t h e  t e s t s  of t h e  previous  s e v e r a l  days,  recharging t h e  

b a t t e r i e s  f o r  a per iod of about two hours, and then conducting a s e t  of t h r e e  

hot  505 tests i n  a d i f f e r e n t  opera t ing  mode. The d a t a  from t h e  l a t e r  t e s t s  

would be combined w i t h  t h a t  of previous  tests t o  d e f i n e  t h e  FTP t e s t  t h a t  would 

be conducted t h e  next  day. A f t e r  t h i s .  t h e  b a t t e r i e s  were recharged,  t h e  

v e h i c l e  was allowed t o  sit i n  t h e  temperature c o n t r o l l e d  room f o r  t h e  12 hour 

per iod s p e c i f i e d  by t h e  FTP, and t h e  c y c l e  would be repea ted .  Th is  sequence 

made i t  p o s s i b l e  t o  g e t  one FTP t e s t  and a set of t h r e e  hot 505 c y c l e  t e s t s  

i n  one day a long wi th  t h e  requ i red  b a t t e r y  charging,  normal t e s t  suppor t ,  and 

r e l a t e d  work. 

The VW Bus tests were a l s o  conducted dur ing t h i s  time. The VW Bus was s t o r e d  

i n  t h e  same room a s  t h e  Taxi,  and would be t e s t e d  i n  t h e  morning according t o  

t h e  FTP immediately be fore  o r  a f t e r  t h e  Taxi t e s t .  

6.2.3 Completion of T e s t s  

Af te r  t h e  VW p r o j e c t  engineer  l e f t  JPL, t h e  t e s t i n g  ?ace was slowed t o  g e t  t h e  

d a t a  necessary  t o  f i l l  i n  vo ids  between t h e  previous  t e s t s ,  v e r i f y  p rev ious  

t e s t s ,  and o b t a i n  comprehensive b a t t e r y  performance d a t a .  The l a t t e r  was 

e s p e c i a l l y  important ,  s i n c e  i t  had no t  been obtained dur ing June. In a d d i t i o n  

t o  t h e  emphasis on FTP and hot 505 t e s t s  dur ing l a t e  June,  t !~ere  were f c u r  

s e p a r a t e  occasions  when t h e  d a i l y  test p lan  c a l l e d  f o r  a t e s t  sequence that 



would p rov ide  b a t t e r y  d a t a .  However, f a i l u r e s  e i t h e r  wi th  t h e  Taxi o r  t h e  

f a c i l i t y  p r o h i b i t e d  fol lowing t h e  p lan  on t h e  f i r s t  t h r e e  occas ions .  Ba t t e ry  

d a t a  were f i n a l l y  obta ined i n  e a r l y  J u l y .  

A suspected l e a k  i n  t h e  Taxi ' s  exhaust ,  d i scussed  i n  Paragraph 5.2.1, was 

found and c o r r e c t e d  J u l y  15. A b a s e l i n e  test was conducted t o  v e r i f y  t h e  fix; 

t h i s  was t h e  l a s t  t e s t  of t h e  program. 



SECTION 7  

FACILITY AND INSTBUMENTAT1 ON 

JPL's c h a s s i s  dyno t e s t  f a c i l i t y  i n c l u d e s  t h e  normal complement of equipv-v t  

needed t o  c o ~ d u c t  F e d e r a l  T e s t  Pro,.edure (FTP) tests. Photos  of t h e  tr,: . -;rc 

and Cons tan t  Volume Sampler a r e  shown i n  F i g u r e s  7-1 through 7-4. 

The i n s t r u m e n t a t i o n  f o r  t h e  VW Tax i  t e s t s  i n c l u d e s  b o t h  an:.log and d i g i t a l  lu ip-  

ment.  D i g i t a l  d a t a  a r e  recorded  on magent ic  t a p e  and reduced by a  l a r g e  c e n t r a l  

computer.  The d i g i t a l  d a t a  sys tem p r o v i d e s  r e a l - t i m e  d i s p l a y  of t e s t  d a t a  t o  

f a c i l i t a t e  tests and checkout  p rocedures .  Emission i n s t r u m e n t s  a r e  l o c a t e d  i n  

t h e  i n s t r u m e n t a t i o n  a r e a .  Pho tos  of  t h e  c e n t r a l  i n s t r u m e n t a t i o n  and e m i s s i o n  

benches  are shown i n  F i g u r e s  7-5 and 7-6. 

I n  a d d i t i o n  t o  t h e  normal f a c i l i t y  equipment ,  two measurements  were  b a s i c  t o  t h e  

VW Taxi t e s t i n g  program, t h e  e l e c t r i c a l  power measurernencs and t h e  g a s o l i n e  weigh 

system. These a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n s .  

7 .1  BATTERY AND MOTOR POWER MEASUREMENTS 

A photo  and b l o c k  diagram of t h e  b a t t e r y  and motor power measurement c i r c u i t s  a r e  

shown i n  F i g u r e s  7-7 and 7-8. I d e n t i c a l  c i r c u i t s ,  w i t h i n  qormal  c o n s t r u c t i o n  

technology,  were used f o r  t h e s e  b a t t e r y  and motor power measurements. 

1.1.1 D e s c r i p t i o n  of Power Measurement C i r c u i t s  

Func t ions  of t h e  b l o c k s  a r e :  

1 )  I s o l a t i o n  a m p l i f i e r s .  The Tax i  e l e c t r i c a l  power grour i n %  t e c h n i q u e  

was unknown u n t i l  t h e  Taxi  a r r i v e d  and had been i n i t i a l l y  t e s t e d .  The 

e n t i r e  e l e c t r i c a l  power c i r c u i t  f l o a t s ;  common mode v o l t a g e s  of  6CV w i t h  

rise t imes  of l V / v s  were  observed .  I n i t i a l  p l a n s  were  t o  i s o l a t e  t h e  

e l t i r e  b a t t e r y  and motor  power measurement c i r c u i t s  from t h e  c h a s s i s  and 

l e t  each  c i r c u i t  f l o a t  a t  t h e  v o l t a g e  e s t a b l i s h e d  by t h e  low s i d e  of i t ;  

v o l t a g e  t e r m i n a l ,  a s  shown i n  F i g u r e  7-8. However, t h i s  approach  

appeared  t o  be marg ina l  d u r i n g  i c i t i a l  checkout  s i n c e  t h e  power 

















measurements had c o n s i d e r a b l e  n o i s e .  Ins t rumenta t ion  a m p l i f i e r s  

i n s t a l l e d  i n  a conven t iona l  r a c k  mount case ,  w i t h  a  300V CMV c a p a b i l i t y ,  

were then i n s e r t e d  i n t o  t h e  v o l t a g e  c a b l i n g  b e f o r e  t h e  power measurement 

c i r c u i t s  (F igure  7-7). These c i r c u i t s  could then  be opera ted a t  t h e  

p o t e n t i a l  of t h e  normal ins t rumenta t5on ground. However, a  des ign  

problem i n  t h e  measurement c i r c u i t  was l a t e r  found t o  have caused,  o r  

a t  l e a s t  c o n t r i b u t e d  t o ,  t h e  apparent  no i se .  The i s o l a t i o n  a m p l i f i e r s  

were l e f t  i n  t h e  c i r c u i t  s i n c e  they provided good s a f e t y  margins f o r  

checkout procedures  d u r i n g  t e s t  opera t ion .  

2) Buffer Ampli f iers .  The v o l t a g e  d i v i d e r  p rov ides  a 10V ful .1 s c a l e  s i g n a l  

s o  t h i s  b u f f e r  a m p l i f i e r  h a s  a  g a i n  of 1. The c u r r e n t  channel  h a s  a  

g a i n  of 2 t o  raise t h e  5 v o l t  maximum c u r r e n t  s i g n a l  t o  10V. 

3 )  M u l t i p l i e r .  The analog m u l t i p l i e r  m u l t i p l j e s  e s s e n t i a l l y  i n s t a n t a n e o u s  

v a l u e s  o f  v o l t a g e  and c u r r e n t  ro prov ide  power. The m u l t i p l i e r  oper- 

a t e s  i n  4 quadran t s ,  s o  i ts ou tpu t  v o l t a g e  can be p o s i t i v e  o r  negat ive .  

4) Absolute Value. Th i s  c i r c u i t  c o n v e r t s  e i t h e r  p o s i t i v e  of  n e g a t i v e  

v o l *  g e s  t o  a  p o s i t i v e  v o l t a g e  t h a t  is f e d  t o  t h e  VIE conver te r .  

5) P o l a r i t y  C i r c u i t .  The p o l a r i t y  c i r c u i t  d e t e c t s  t h e  p o l a r i t y  of t h e  

m u l t i p l i e r  s i g n a l  and seqds  an  ou tpu t  s i g n a l  t h a t  is a t  one of two 

f i x e d  v o l t a g e s ,  one f o r  p o s i t i v e  and t h e  o t h e r  f o r  nega t ive  p o l a r i t y .  

The p>l ; . r i ty  c i r c u i t  i s  s e n s i t i v e  t o  l e s s  than 1 mv changes around zero .  

6) ' ) i t a g e  t o  Frequency (V/F) Converter .  Th i s  c i r c u i t  p rov ides  an  ou tpu t  

frequency p r o p o r t i o n a l  t o  t h e  inpu t  v o l t a g e .  S ince  t h e  a b s o l u t e  v a l u e  

c i r c u i t  provides  on ly  p o s i t i v e  v o l t a g e s ,  t h e  V/F w i l l  send an ou tpu t  

frequency p r o p o r t i o n a l  t o  e i t h e r  t h e  p o s i t i v e  o r  nega t ive  power measure- 

ment from t h e  m u l t i p l i e r .  

A t  t h i s  p o i n t ,  t h e  power measurement c o n s i s t s  of a frequency propor- 

t i o n a l  t o  the  a b s o l u t e  v a l u e  of t h e  ins tan taneous  power and a p o l a r i t y  

s i g n a l  t h a t  d e f i n e s  e i t h e r  a power ou t  o r  power i n  cond i t ion .  



7)  Isolators. The isolators permit the output signal to the data system to 

be referenced to the data system ground. 

8) Gating Circuits. These circuits use the polarity information to direct 

each pulse from the V/F converter to either thc power out or the power 

in channels that are sent to the data system. 

Two signals, power out and power in, are thus provided for both the battery and 

motor power measurements. The calibration of each chdnnel is approximately 

10 watts/Hz so excellent resolution is attained. 

7.1.2 Real-Time Data Readout 

The four output sirpals, two for the battery and two for the motor, are sent 

through short cables to a connector panel that is attached to the taxi body 

(Figure 7-9). In addition to the power measurements, other signals from the taxi 

transducers are also routed through this connector panel. This connector panel 

thus serves as a junction between the taxi measurements and the facility instru- 

mentation system. Power measurements are sent through the instrumentation 

cabling system as a frequency with a relatively slow rise time and low voltage 

amplitude to minimize cross talk. The trequency data is then sent to the digital 

data system. Both hardware and software, which are a part of the standard data 

system capability, are used to convert the frequency data into real-time engi- 

neering units display of power and energy. Power readings are displayed as 

kilowatts with 0.01 kilowatts resolution; the power integral is displayed in 

watt-hour units with 0.1 watt hour resolution (Figure 7-10). Power integrals are 

reset at the start of each test. During a test, the kilowatt data thus defines 

tire instantaneous power while the watt-hour data shows the power integral since 

the start of the test. In addition, the data system will display all four power 

measurements in a sequence on a single video display (Figure 7-11). The sequence 

for the video display of power and integrated power data, starting from the top, 

is: 

Cllannel ID Messu remen t - 
PRO Power out of battery 

PRI Power into battery 

PMI Power into motor 

PMO Power out of motor 
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T h i s  d i s p l a y  format  was t y p i c a l l y  used d u r i n g  t h e  tests s i n c e  i t  p rov ided  an 

e x c e l l e n t  means of  d e t e r m i n i n g  t h e  approximate  r ea l - t ime  power f l ow i n  t h e  t a x i ' s  

v a r i o u s  o p e r a t i o n a l  modes. S u b t r a c t i o n  of t h e  two b a t t e r y  power c h a n n e l s  a l s o  

provided  a real-time i n d i c a t i o n  of t h e  n e t  c h a r g e  o r  d i s c h a r g e  from t h e  b a t t e r y .  

For  t h i s  i n f o r m a t i o n ,  nominal b a t t e r y  e f f i c i e n c i e s  were used  t o  c o n v e r t  t h e  d i s -  

p layed  d a t a ,  which d o e s  n o t  i n c l u d e  b a t t e r y  e f f i c i e n c i e s ,  i n t o  a n  app rox ima te  

i n d i c a t i o n  of  t h e  n e t  b a t t e r y  power d u r i n g  t h e  test .  

7.1.3 Computer P l o t s  of Power Data 

The d a t a  sys tem a l s o  l o g s  a l l  t h e  power measurements  on d i g i t a l  magne t i c  t a p e .  

Data a r t  t r a n s f e r r e d  t o  t a p e  a t  0 .1  s e c  i n t e r v a l s ,  w i t h  a  time v a r i a t i o n  of 

app rox ima te ly  50 ~ i c r o s e c o n d s .  A program t h a t  produced a  computer  p l o t  from t h i s  

d a t a  was developed f o r  t h e  hyb r id  t e s t i n g .  A p o r t i o n  of a  t y p i c a l  p l o t  f o r  

e q u i v a l e n t  p a r t s  of t h e  FTP c y c l e  f o r  t h e  hyb r id  and on /o f f  modes is shown i n  

F i g u r e s  7-12 and 7-13. These f  igr:r; - q u i c k l y  d i s p l a y  t h e  d i f f e r e n c e  i n  t h e  u t i l i -  

z a t i o n  of  e l e c t r i c  power f o r  t!le two t ~ x i  o p e r a t i n g  modes. 

The e l e c t r i c a l  power d a t a  can  a i m  be  p r i n t e d  a t  s p e c i f i e d  i n t e r v a l s  t o  i n v e s t i -  

g a t e  t h e  power f low d u r i n g  a  test c y c l e .  The minimum i n t e r v a l  is 0 . 1  s e c  

a l t hough  t h e  computer  p r i n t o u t  l e n g t h  makes 1 s e c  i n t e r v a l s  r e a s o n a b l e  minimum. 

7.1.4 C i r c v i c  Design Problems 

The e a r l y  checkout  a c t i v i t i e s  i n d i c a t e d  t h a t  t h e  power measurements  had cons id -  

e r a b l e  n o i s e ,  as d i s c u s s e d  i n  Paragraph  7.1.1 ( 1 ) .  However, l a t e r  checkout  and 

a n a l y s i s  a c t i v i t i e s  i n d i c a t e d  t h a t  t h e  r a p i d  change of c u r r e n t ,  shown i n  Fip-  

u r e  5-13, was caus ing  t h e  p o l a r i t y  s i g n a l  from t h e  power measurement c i r c u i t  t o  

change r a p i d l y .  A t  t h i s  time, t h e  d e s i g n  of t h e  g a t i n g  c i r c u i t s  ( p a r a  7.1.1 (8))  

p e r m i t t e d  a  p o l a r i t y  change t o  p r o v i d e  an  o u t p u t  p u l s e  i n  t h e  same manner as t h a t  

of a  f r equency  p u l s e  t h a t  was p r o p o r t i o n a l  t o  t h e  i n s t a n t a n e o u s  power. T h i s  had 

t h e  e f f e c t  cf g e n e r a t - n g  f a l s e  a d d i t i o n a l  p u l s e s  s o  b o t h  t h e  o u t p u t  and i n p u t  

power measnrements lgcre t o o  g r e a t .  The e r r o r  was on t h e  o r d e r  of  1 0  p e r c e n t .  

T h i s  d e s i g n  e r r o r  was c o r r e c t e d  a f t e r  t e s t  no. 7.  Checks a f t e r  t h i s  time have  

i n d i c a t e d  t h a t  t h e  c i r c u i t  is op,arating s a t i s f a c t o r i l y .  
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Figure 7-12. Plot of Battery and Motor Power From Test 13, 
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Configuration. Test was Terminated at End of The 
Stabilized Phase Because of Battery Discharge 



7.2 GASOLINE FLOW MEASUREMENTS 

A recurring rroblem with emission testing is the possibility of very minor 

malfunctions inserting undetected errors in the emission measurements. This is 

especially true of leaks in any part of the exhaust gas measurement system. 

Since a leak in any part of the piping from the engine head-to-exhaust manifold 

connection through to the internal parts of the emission instruments may effect 

the measuremeht, many potential leak sources are involved in both the vehicle 

and qcility. JPL uses a gasoline weighing system both as a check against these 

errors and to provide an accurate and easily checked method of determining the 

actual fuel economy of an emissions test. 

The FTP specifies that emission measurements of exhaust gasses be used to define 

the fuel economy of vehicles. However, this procedure depends en the proper 

functioning of many electromechanical cc-,~nents and highly sensitive emission 

measuring instruments. As a check of the entire emission measurement system, 

JPL weighs the gasoline that is used during each test. The weigh system is 

shown in Figure 7-14. It consists of a small specially fabricated tank that is 

reasonably light (2 pounds) yet meets safety standards for gasoline, a load cell 

and related plumbing. The load cell range is 10 pounds so about 7 pounds of 

gasoline can be used during a test; this is adequate for tests where the vehicle 

gets 10 mpg. The tank is pressurized with dry nitrogen to approximately 3 psi 

to force gasoline from the weigh tank to the test vehicle. 

A set of calibration weights (Figure (-15) calibrated to 0.001 grams each is 

used to define the linearity and hysteresis characteristics of this system. The 

20 small weights permit linearity performance and hysteresis to be carefully 

investigated at intervals of several months. The larger weights are used for 

more frequent single point checks of the calibrations. The calibrations are done 

end-to-end with the physical weights being suspended from the weigh tank (Fig- 

ure 7-16) while the data system shows the value in grams. Linearity, taken in 

the decreasing direction associated with gasoline flow during a test, is better 

than 0.1 percent. Hysteresis, which is not normally an error with the technique 

used, is about 0.1 percent. Combined effects with the procedure used during a 

test is less than 0.3 percent. 







I n  a d d i t i o n ,  temperature and p ressure  e r r o r s  w i l l  add t o  t h e  l i n e a r i l y  and 

h y s t e r e s i s  e r r o r s .  I n v e b t i g a t i o n s  of temperature e f f e c t s  show t h i s  e r r o r  t o  be 

l e s s  than 0.05 percent  even when a severe  g r a d i e n t  i s  imposed acrosq t h e  weighing 

system. The e f f e c t s  due t o  p r e s s u r e  f o r c e s  011 t h e  connecting l i n e s  a r z  l e s s  than 

0.02 percent  i n  t h e  p ressure  range used f o r  t e s t s .  

Tk; o v e r a l l  system e r r o r  is thus  l e s s  than 0.3 percen t  and probably 0.1 t h e  o r d e r  

of 0.2 percent .  Fur ther  c a l i b r a t i o n s  over an  extended per tod w i l l  be requ i red  

t o  be c e r t a i n  of the  l ~ w e r  value .  
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